Cell-ligand interaction study by immobilizing ligand on surface by Li, Jie
	  	  
 
 
INAUGURAL - DISSERTATION 
 
 
 
 
 
 
ZUR 
 ERLANGUNG DER DOKTORWÜRDE  
DER 
NATURWISSENSCHAFTLICH - MATHEMATISCHEN 
GESAMTFAKULTÄT  
DER  
RUPRECHT-KARLS-UNIVERSITÄT 
HEIDELBERG 
 
 
 
 
 
 
 
 
 
vorgelegt von 
Jie Li (M.Sc.) 
aus Hubei, China 
 
 
 
Tag der mündlichen Prüfung: 7. Dezember 2018
	  	  
	  	  
 
 
Cell-ligand interaction study by 
immobilizing ligand on surface 
 
 
 
 
 
 
 
 
Gutacher: 
 
Prof. Dr. Joachim P. Spatz 
Physikalish-Chemisches Institut 
Ruprecht-Karls-Universität Heidelberg 
Max-Planck-Institut für Medical Research 
 
Prof. (apl.) Dr. Reiner Dahint 
Physikalish-Chemisches Institut 
Ruprecht-Karls-Universität Heidelberg 
 
  
	  	  
 
 
 
 
Table	  of	  contents	  
	  
Table of Contents 
1 Summary ................................................................................................ 1	  
2 Zusammenfassung ................................................................................. 3	  
3 Introduction ........................................................................................... 5	  
3.1 Cell adhesion .................................................................................... 5	  
3.1.1 Cell-ECM adhesion .................................................................... 6	  
3.1.2 Cell-cell adhesion ..................................................................... 12	  
3.1.3 Crosstalk between cell-ECM adhesion and cell-cell adhesion . 17	  
3.2 Detecting and measuring cellular forces ......................................... 21	  
3.2.1 Deformation of substrate .......................................................... 23	  
3.2.2 Molecular tension probes ......................................................... 26	  
3.3 Surface immobilization of specific ligands for cell adhesion ......... 29	  
4 Motivation ............................................................................................ 32	  
5 Materials and Methods ....................................................................... 35	  
5.1 Preparation of functional surfaces .................................................. 35	  
5.1.1 Nitrogen-Vacancy (NV) diamond based force sensor ............. 35	  
5.1.1.1 Silica (SiO2) coating on NV diamond ................................ 35	  
5.1.1.2 Multi-step synthesis of Y-shape macromolecule ............... 36	  
5.1.1.2.1 Synthesis of linear functional PEG molecule (without 
RGD peptide) by method a ........................................................ 36	  
Table	  of	  contents	  
	  
5.1.1.2.2 Synthesis of linear functional PEG molecule (without 
RGD peptide) by method b ........................................................ 37	  
5.1.1.2.3 Synthesis of Y-shape functional PEG molecule .......... 38	  
5.1.1.2.4 Surface coating of Y-shape and linear functional PEG 
molecule ..................................................................................... 39	  
5.1.1.3 Bottom-up construction of Y-shape force sensor .............. 39	  
5.1.1.3.1 Linear bottom-up coating ............................................ 40	  
5.1.1.3.2 Y-shape bottom-up coating 1st strategy ....................... 40	  
5.1.1.3.3 Y-shape bottom-up coating 2nd strategy ...................... 41	  
5.1.1.3.4 Y-shape bottom-up coating 3rd strategy ....................... 41	  
5.1.1.3.5 Y-shape bottom-up coating for Y-shape S .................. 42	  
5.1.1.4 Surface immobilization of cell-simulated microbeads ...... 42	  
5.1.2 E-cadherin mimetic HAV peptide functionalized surfaces ...... 43	  
5.1.2.1 Homogeneous gold surface and gold nanostructured surface
 ....................................................................................................... 43	  
5.1.2.2 Substrate of traction force microscopy .............................. 45	  
5.1.2.3 Immobilization of HAV peptide on gold surfaces ............. 45	  
5.2 Characterization methods ............................................................... 46	  
5.2.1 Substrate characterization ........................................................ 46	  
5.2.1.1 Scanning electron microscope (SEM) ............................... 46	  
5.2.1.2 Ellipsometry ....................................................................... 47	  
5.2.2 Surface analysis ........................................................................ 48	  
Table	  of	  contents	  
	  
5.2.2.1 Quartz crystal microbalance with dissipation monitoring 
(QCM-D) ....................................................................................... 48	  
5.2.2.2 Water contact angle ........................................................... 50	  
5.2.2.3 X-ray photoelectron spectroscopy (XPS) .......................... 51	  
5.2.3 Molecular synthesis analysis .................................................... 52	  
5.2.3.1 Mass spectrometry (MS) .................................................... 52	  
5.2.3.2 Proton nuclear magnetic resonance spectroscopy (NMR) . 53	  
5.3 Cell experiments ............................................................................. 54	  
5.3.1 Cell culture ............................................................................... 54	  
5.3.2 Cell adhesion and cell mobility ................................................ 55	  
5.3.3 Cell monolayer experiments ..................................................... 56	  
5.3.4 Cell clusters .............................................................................. 56	  
5.3.5 Traction force microscopy ....................................................... 56	  
5.4 Biochemistry methods .................................................................... 57	  
5.4.1 Fibronectin adsorption .............................................................. 57	  
5.4.2 Inhibition experiments .............................................................. 57	  
5.4.3 Immunostaining ........................................................................ 58	  
5.4.4 SDS-PAGE and western blot ................................................... 59	  
5.5 Cell imaging and data analysis ....................................................... 63	  
5.5.1 Cell imaging ............................................................................. 63	  
5.5.2 Image processing and data analysis ......................................... 64	  
5.6 Relaxation measurement and data analysis .................................... 65	  
Table	  of	  contents	  
	  
6 Results and Discussion ........................................................................ 67	  
6.1 Part I: Nitrogen-Vacancy (NV) diamond based force sensor for cell 
adhesion study ...................................................................................... 67	  
6.1.1 Cell-mimetic microbeads on NV diamond ............................... 70	  
6.1.2 Preparation of Y-shape force sensor on NV diamond .............. 72	  
6.1.2.1 Silica coating ...................................................................... 72	  
6.1.2.2 Multi-step synthesis of Y-shape force sensor .................... 76	  
6.1.2.3 Bottom-up construction of Y-shape force sensor with long 
PEG chain (Y-shape L) .................................................................. 87	  
6.1.2.4 Bottom-up construction of Y-shape force sensor with short 
PEG chain (Y-shape S) ................................................................ 110	  
6.1.3 Cell adhesion on Y-shape diamond force sensor ................... 114	  
6.1.4 Relaxation measurements ....................................................... 116	  
6.1.4.1 Relaxation measurement for Y-shape L .......................... 119	  
6.1.4.2 Relaxation measurement for Y-shape S ........................... 125	  
6.2 Part II Effect of surface immobilized E-cadherin mimetic HAV 
peptide on MDCK cell adhesion ......................................................... 129	  
6.2.1 Specific interaction between HAV peptide and E-cadherin ... 131	  
6.2.2 Cell adhesion on HAV functional surface .............................. 135	  
6.2.3 Cell clustering on HAV functional surface ............................ 140	  
6.2.4 Cell adhesion on RGD and HAV peptide co-functional surfaces
 ......................................................................................................... 142	  
Table	  of	  contents	  
	  
6.2.5 Cell clustering on RGD and HAV peptide co-functional 
surfaces ............................................................................................ 147	  
6.2.6 Investigation of possible signaling pathway involvement ..... 153	  
7. Conclusion and Outlook .................................................................. 158	  
8. Appendix ........................................................................................... 160	  
9.Bibliography ...................................................................................... 171	  
Acknowledgement ................................................................................ 192	  	  
 
 
 
 
 
 
 
 
 
 
Note: Section 6.2 is going to be published as an article in a scientific journal. 
 
Summary	  
	   1	  
1 Summary 
Integrin-mediated cell-extracellular matrix (ECM) adhesion and cadherin-mediated 
cell-cell adhesion are two main interactions that exist in organism. In order to exclude 
complex interference in living organism to study how these specific interactions affect 
cell behaviors, integrin ligands or cadherin ligands can be isolated and immobilized 
on/in biomaterials. In this thesis, integrin ligand RGD peptide and/or E-cadherin 
ligand HAV peptide were immobilized on 2D surfaces to study the cell adhesion force 
and the adhesion mechanisms. 
   In part I, cell adhesion force induced by integrin-RGD interaction was studied based 
on the technology of nitrogen-vacancy (NV) diamond. RGD peptide, which was 
connected to paramagnetic ion Gd3+, was immobilized onto the NV diamond through 
PEG chain, generating an NV diamond based force sensor. Spin-spin coupling 
between Gd3+ and NVs dependent photoluminescence was recorded as a signal when 
cell traction force exerted. Different immobilization methods were developed, in 
order to obtain an optimized chemical structure for the force sensor. Cell traction 
force generated by integrin-induced adhesion was presented as relaxation time T1 
map within a cell region. 
   In part II, E-cadherin mimetic HAV peptide was immobilized on continual gold 
surface or nanopatterned gold surfaces in order to precisely control the immobilized 
amount. HAV-E-cadherin interaction induced cell adhesion was then studied. The 
results revealed that the surface immobilized HAV peptide specifically interacted 
with E-cadherin from cells, inducing the translocation of E-cadherin based adhesion 
from adherens junction at cell-cell interface to HAV-E-cadherin binding at cell-
material interface. This leads to enhanced cell adhesion on the material surfaces and 
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weakened cell-cell contact, which could play important role in wound healing. The 
HAV-E-cadherin interaction was proved to activate β-catenin signaling pathway, 
which was the same as E-cadherin based adherens junction at cell-cell interface.  
   These studies according to cell-ligand interactions on specific ligands are helpful to 
understand the mechanisms of cell adhesion and cell-materials interactions, which 
also provide new information about cell behavior on biomaterials. These results can 
be important in the design of new biomaterials. NV diamond based force sensor with 
respective ligand can be considered as a prospective toolbox to investigate different 
types of cell adhesions. For example, the HAV peptide in the second section can be 
included to detect the force of E-cadherin-induced cell-cell adhesion. 
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2 Zusammenfassung 
In lebenden Organismen sind für die Zelladhäsion die Integrin-vermittelte Zell-Matrix 
Adhäsion und die Cadherin-vermittelte Zell-Zell Adhäsion am wichtigsten. Die an 
diesen Interaktionen beteiligen Integrin-Liganden und Cadherin-Liganden können 
isoliert und sowohl auf als auch in Biomaterialien immobilisiert werden. Hiermit wird 
eine Untersuchung des Einflusses der Liganden vermittelten Interaktionen auf das 
Verhalten der Zellen mit einer geringeren Komplexität als im lebenden Organismus 
möglich. In dieser Arbeit wurden das RGD Peptid als Integrin-Ligand und/oder das 
HAV Peptid als E-cadherin Ligand auf 2D Oberflächen immobilisiert und damit die 
Adhäsionskraft und der Adhäsionsmechanismus der Zellen untersucht.  
   Im ersten Teil wurde die Adhäsionskraft der Zelle, die durch die Intergin-RGD 
Interaktion entsteht mit Hilfe der Stickstofffehlstellen (NV) Diamanten Technologie 
untersucht. Um einen NV Diamanten basierten Kraftsensor zu erhalten, wurden RGD-
Peptide, die mit einem paramagnetischen Gd3+-Ion verbunden waren, mittels eines 
PEG Linkers an einen NV Diamanten gekoppelt. Die Photolumineszens der Spin-Spin 
Kopplung des Gd3+ und der NVs wurde als Signal aufgezeichnet, wenn Zellen 
Zugkraft ausübten. Es wurden verschiedene Immobilisierungsstrategien entwickelt, 
um die optimale chemische Struktur für den Kraftsensor zu finden. Die Zugkraft der 
Zelle, die aus der Integrin vermittelten Adhäsion resultiert, wurde als Relaxationszeit 
T1 Karte innerhalb einer Zellregion dargestellt.  
   Im zweiten Teil der Arbeit wurde mimetisches HAV Peptid auf homogenen 
Goldoberflächen oder um die Konzentration zu kontrollieren auf nanostrukturierten 
Goldoberflächen immobilisiert. Hiermit wurde die HAV-E-cadherin induzierte 
Zelladhäsion untersucht. Die Ergebnisse zeigten, dass das an Oberflächen 
Zusammenfassung	  
	   4	  
immobilisierte HAV Peptid spezifisch mit zellulärem E-cadherin interagiert. Diese 
Wechselwirkung induziert eine Verschiebung von E-cadherin basierter Zell-Zell-
Adhäsion an Zell-Zell Grenzflächen hin zu HAV-E-cadherin basierten Bindungen an 
der Zell-Material Grenzfläche. Dies führt zu einer verstärkten Bindung der Zellen an 
die Oberfläche, schwächt den Zell-Zell-Kontakt und könnte damit eine wichtige Rolle 
in der Wundheilung spielen. Es wurde gezeigt, dass die HAV-E-cadherin Interaktion 
den ß-catenin Signalweg aktiviert, so wie es für die E-cadherin basierten 
Adhäsionsverbindungen an Zell-Zell Grenzflächen bekannt ist.  
   Diese Studien zu Zell-Liganden Interaktionen mit Hilfe spezifischer Liganden sind 
hilfreich um die Mechanismen von Zelladhäsion und Zell-Material Interaktionen zu 
verstehen. Somit liefern diese Untersuchungen zusätzlich neue Informationen über 
das Verhalten von Zellen auf Biomaterialien und sind wichtig für die Entwicklung 
neuer Biomaterialien. Die NV Diamanten basierten Sensoren können mit den 
entsprechenden Liganden ausgerüstet als zukünftige Werkzeugkiste zur Untersuchung 
verschiedener Zelladhäsionsarten dienen. So könnte zum Beispiel das HAV Peptid, 
das im zweiten Teil der Arbeit eingesetzt wurde, in Zukunft in einem solchen Sensor 
genutzt werden, um die Kraft der E-cadherin induzierten Zell-Zell-Adhäsion zu 
messen. 
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3 Introduction 
3.1 Cell adhesion 
Cell adhesion falls roughly into two catalogs, which are the direct and indirect 
interactions between neighboring cells. Cells may directly attach to one another 
through specific molecules on cell membrane, known as direct cell-cell contact.1 Cells 
may also secrete extracellular matrix (ECM) to indirectly “glue” all together, known 
as cell-ECM adhesion.2 One way or another, the formation of an organized 
multicellular structure requires the cohesion of cells. Cell adhesion to other cells and 
to ECM leads to cell communications and environment-sensing, which further affect 
cell internal structure and determine cell fates.3 Since three-dimensional tissues are 
assembled by individual cells, cell adhesion is the molecular basis of tissue 
architecture and morphogenesis.4 The establishment and dissolution of cellular 
attachments as well as the modeling of ECM regulate cell growth and migration 
within the organism, and thus guide the organogenesis and repair as well as the body 
growth. Although the cell adhesions are generally stable, these adhesive contacts are 
regarded to be dynamic rather than static. The maintenance of such stable adhesions 
often needs active cellular processes.3-4 
   Cell-ECM adhesion and cell-cell adhesion mainly locate in different types of tissues, 
which are dominated by different cell adhesion molecules (CAM) located on the cell 
membrane and generating different signaling cascades in cells. 
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3.1.1 Cell-ECM adhesion 
Cell-ECM adhesion plays the main role in connective tissues, in which cells are 
encapsulated by plenty of ECM. The ECM bears most of the mechanical stress 
induced by tissue, and allows cells to pull on or to be pulled by ECM via Cell-ECM 
adhesions. The cell adhesive components in ECM are proteins including collagen, 
fibrinogen, fibronectin, laminin, and vitronectin.5-6 The main class of CAMs on the 
cell membrane to mediate cell-ECM interactions is integrin family. Table 3.1 lists 
some types of integrins in vertebrates. Integrins are heterodimers of two non-
covalently associated α and β subunits. Both subunits are transmembrane 
glycoproteins. The large N-terminal extracellular domains contribute to the binding of 
the ECM adhesive proteins.7-9 Meanwhile, the short intracellular C-terminal tails 
activate a set of signaling proteins to form a complex and link to the cytoskeleton. 
Figure 3.1 shows the integrin conformation in inactive and active states. Integrin thus 
bridges the ECM and cellular cytoskeleton and transmits signals bidirectionally across 
the plasma membrane. It on the one hand transmits the mechanical and biochemical 
changes into cells by activating signaling pathways, on the other hand, regulates many 
biological functions responded by cells.9-10[16, 17] 
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Table 3.1 Some types of integrins in vertebrates11-15 
Integrin Distribution Ligands 
α1β1 Many Collagens, laminins 
α2β1 Many Collagens, laminins 
α3β1 Many Laminin-5 
α4β1 Hematopoietic cells Fibronectin, VCAM-1 
α5β1 Widespread Fibronectin, proteinases 
α6β1 Widespread Laminins 
α7β1 Muscle, glioma Laminins 
αLβ2 T-lymphocytes ICAM-1, ICAM-2 
αMβ2 
Neutrophils and 
monocytes Serum proteins, ICAM-1 
αIIbβ3 Platelets Fibrinogen, fibronectin 
αVβ1 
Ocular melanoma, 
neurological tumors Vitronectin, fibrinogen 
αVβ3 
Activated endothelial 
cells, melanoma, 
glioblastoma 
Vitronectin, fibronectin, fibrinogen, 
osteoponin, Cyr61, thyoxine, 
TETRAC 
αVβ5 
Widespread, esp. 
fibroblasts, epithelial 
cells 
Vitronectin, adenovirus 
αVβ6 
Proliferating epithelia, 
esp. lung and mammary 
gland 
Fibronectin, TGFβ1+3 
αVβ8 
Neural tissue, peripheral 
nerve Fibronectin, TGFβ1+3 
α6β4 Epithelial cells Laminins 
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Figure 3.1 Integrin conformation changes when activated. Integrin is folded in 
inactive state, and the intracellular parts of α and β chains adhere to each other. When 
integrin is activated by outside ligand binding, or inside talin binding, the structure is 
extended and the intracellular parts of α and β chains separate apart. Adapted from [1]. 
 
   Integrin-based cell-ECM adhesion experiences different adhesion stages, as figure 
3.2 describes. Activated integrins cluster and recruit integrin-associated signaling 
proteins at binding points to form specialized adhesion structures at different stages. 
These structures are different from each other in their morphology, subcellular 
localization, lifespan, and protein composition.16 As the early step, actin 
polymerization and the branched network drive lamellipodial protrusion at the leading 
edge of cells and lead to the adhesion.17 The first adhesion structures that become 
visible by microscopy are nascent adhesions. They are small and highly dynamic, 
continuously form within the branched actin network.18 These nascent adhesions only 
temporally exist. They either disassemble or form the larger focal complexes (FXs) in 
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the transition zone between the lamellum and the lamellipodium.19 The subsequent 
maturation of FXs into focal adhesions (FAs) is force dependent process generated by 
either cell contractility or external perturbations.20 Integrin is biochemically and 
mechanically connected with cytoskeleton at FA points. Cells robustly anchor ECM 
via this connection to pull the cell body forward but may also restrain the migration 
process. FAs may finally evolve to fibrillar adhesions (FBs) that are located towards 
central positions of the cell. FBs are found to bind to fibronectin fibrils21 to appear as 
long streaks or dot arrays.22 FBs are also involved in the remodeling of ECM. Since 
the adhesion maturation is a dynamic process, all types of adhesion structures can be 
turned over during cell migration.16, 23-25 
 
 
Figure 3.2 Integrin-mediated cell-ECM adhesion.24 Nascent adhesions firstly 
appear at lamellipodium protrusion. They are transient and mature into larger focal 
complexes (FXs). The subsequent maturation of nascent adhesions and FXs into focal 
adhesions (FAs) is force dependent process, inducing stronger association between 
integrin and cytoskeleton. Reprinted with kind permission of Springer Nature. 	  
Introduction	  
	   10	  
   Mechanosensing-based integrin response involves three steps.26-27 First, integrins 
are activated by binding to extracellular matrix molecules. Mechanical force can 
break the contact of α and β integrin subunits and unfold the extracellular domains to 
expose talin-binding site on the intracellular domain of β chain. Talin, which then 
binds to integrin, contains actin-binding sites to induce molecular clutch for 
supporting force transmission, as shown in figure 3.3. In the second step, the applied 
forces should be transmitted into cells through molecular clutch.28-29 Therefore the 
biochemical signals can be activated, known as mechanotransduction. Vinculin also 
plays a prominent role in molecular clutch besides talin (figure 3.3). The tension 
applied to integrin induces the recruitment of vinculin to focal adhesions.30 This 
process is associated with talin and another focal adhesion protein paxillin.31 Vinculin 
also directly binds to actin and bear the tension generated by cytoskeleton. It therefore 
stabilizes and promotes the growth of focal adhesions by regulating the recruitment 
and the release of other focal adhesion proteins.32-33 Filamin in focal adhesions also 
connects integrin and actin for force transduction (figure 3.3).34-36 In a final step, 
integrin-cytoskeleton linkage transmits force throughout cells. The cell adhesion can 
be thus reinforced to resist the force sensed by integrin.37 
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Figure 3.3 Force Transmission at Cell−Matrix Adhesion.26 Integrin binding to 
ECM molecules render the expose of talin-binding site. Talin further recruits a 
molecular clutch for supporting force transmission, including vinculin, paxillin. By a 
mechanotransduction process, integrin-cytoskeleton linkage transmits force 
throughout cells finally. Reprinted with kind permission of the American Chemical 
Society. 
 
   Among integrin-induced signaling cascades, the activation of the small GTPase 
RhoA is one of the keys.38-39 The activation of RhoA from GDP-bound state to GTP-
bound state is regulated by guanine nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs). Leukemia-associated Rho GEF (LARG) and guanine 
nucleotide exchange factor H1 (GEF-H1) directly assist the force-induced RhoA 
activation (figure 3.3).40 GTP-bound RhoA further activates the Rho kinase 
(ROCK).41 ROCK on the one hand can phosphorylate myosin light chain (MLC), on 
the other hand can inhibit the MLC phosphatase. The phosphorylated MLC promotes 
the activation of myosin II, which assembles into filaments and interacts with actin 
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filaments.42 ATP mediates the conformational changes of assembled myosin II. As a 
result, force can be generated via the sliding of myosin II and actin filaments against 
each other to rearrange the actin cytoskeleton.26 Thereby, cells can rearrange and 
reinforce the cytoskeleton for the formation of mature adhesions to withstand 
extracellular mechanical cues (figure 3.3). 
   Integrin-based cell-ECM adhesion transmits the extracellular mechanical cues into 
cells to regulate the assembly and organization of the cytoskeleton and shape of the 
cells. This interaction thereby controls the proliferation, apoptosis, and differentiation 
of the cells, and finally affects their function and commitment.43 
 
3.1.2 Cell-cell adhesion 
In epithelial tissues, cells are closely bound to each other via cell-cell adhesions.44 
Adherens junctions and desmosome junctions are two types of cell-cell adhesions, 
which are anchorage sites for actin filaments and intermediate filaments, 
respectively.45-46 The key role of the cell adhesion is played by transmembrane 
adhesion proteins. 
   Proteins of cadherin superfamily, which are constituted of classical and non-
classical cadherins, chiefly mediate cell-cell adherens junction. Table 3.2 lists some 
members of the cadherin superfamily. They all have an extracellular portion, which 
contains several copies of cadherin domain. There are five such subdomains, named 
as EC1-EC5, in the classical cadherins. Cadherins mediate calcium dependent 
homophilic adhesion through these subdomains. A single subdomain is relatively 
rigid and connected to each other by a hinge. Each subdomain bind with calcium ions 
near the hinge to form a rigid but slightly curved rod-like string as the extracellular 
binding site.1, 47-49 Meanwhile, the conformation of the N terminus of cadherin 
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changes slightly to bind oppositely oriented cadherin from neighbor cells. The affinity 
of the single cadherin-cadherin binding is relatively low, but cadherins on the same 
cell assemble side-by-side to form clusters. The first extracellular subdomain EC1 
interacts with the second extracellular subdomain EC2 of neighboring cadherin via cis 
interactions.50 As a result, cadherin-cadherin interaction leads to a zipper-like 
structure in cadherin clusters to collect all of the weak individual bonds and induce 
the strong cell-cell adherens junction.1, 49 On the other hand, the adherens junction can 
be disassembled by sequentially separating the individual bonds. Figure 3.4 describes 
this Velcro-like model, just like two pieces of fabric can be joined or peeled apart. 
 
Table 3.2 Some types of cadherins1 
Cadherin Main location Junction association 
Classical cadherins 
E-cadherin Many epithelia Adherens junctions 
N-cadherin 
Neurons, heart, 
skeletal muscle, lens, 
and fibroblasts 
Adherens junctions and chemical 
synapses 
P-cadherin Placenta, epidermis, breast epithelium Adherens junctions 
VE-cadherin Endothelial cells Adherens junctions 
Nonclassical cadherins 
Desmocollin Skin Desmosomes 
Desmoglein Skin Desmosomes 
T-cadherin Neurons, muscle, heart None 
Cadherin 23 Inner ear, other epithelia 
Links between stereocilia in 
sensory hair cells 
Fat (in Drosophila) Epithelia, central nervous system 
Signal-relaying junction (planar 
cell polarity) 
Fat 1 (in mammals) Various epithelia and central nervous system 
Slit diaphragm in kidney 
glomerulus, other cell junctions 
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α, β, and γ-
Protocadherins Neurons 
Chemical synapses, nonsynaptic 
membranes 
Flamingo Sensory and some other epithelia Cell-cell junctions 
 
 
 
Figure 3.4 Cadherin molecules array at cell-cell contacts.1 Single cadherin-
cadherin interaction is relatively weak. When clustered by side-to-side interaction, 
many cadherin molecules pack together, forming very strong anchoring junction. 
Adapted from [1]. 
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   While the cadherin extracellular domains mediate such homophilic binding, the 
intracellular domains provide anchorage for actin cytoskeleton at adherens junctions. 
The linkage between cadherin and actin is based on a set of accessory intracellular 
anchor proteins, which can assemble on the cytoplasmic tail of cadherin, as figure 3.5 
describes.26 β-catenin, which is directly assembled on the tail,51 further recruits and 
stablizes α-catenin52 and vinculin53 at cell-cell junctions. α-catenin, at the same time, 
interacts with vinculin,54 while they both connect with actin.55-56 The force from cell-
cell adhesion unfolds α-catenin, which can then bind more vinculin.57 This process 
may increase the strength of the cadherin-cytoskeleton connection and thereby induce 
the force-activated adhesion strengthening. Cadherin interactions initiate RhoA-
dependent pathway to activate myosin II.58-59 Myosin II therefore is involved and 
affects the cadherin-based mechanotransduction. 
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Figure 3.5 Force transmission at cell-cell adhesion.26 β-catenin is assembled on the 
cadherin cytoplasmic tail. α-catenin and vinculin are also recruited and stabilized at 
cell-cell junctions. The force from cell-cell adhesion change the conformation of α-
catenin and the connection between α-catenin and vinculin, thereby increasing the 
strength of the cadherin-cytoskeleton connection. RhoA and Myosin II are also 
involved in cadherin-based mechanotransduction. Reprinted with kind permission of 
the American Chemical Society. 
 
   Figure 3.6 describes the process of adherens junction formation. When cells get 
close to each other, the membrane protrusions guided by actin filaments initiate cell-
cell contact. The cell-cell contact first causes the formation of small cadherin and 
catenin clusters, and further activates the intracellular signaling. Thereby, more 
cadherins and catenins can be recruited to the cell-cell contact region, while actin 
network expands and the junction expands. In the following step, adherens junction 
grows in association with actin remodeling and myosin recruitment. Contractile 
actomyosin network is finally formed and connected to the adherens junction, which 
allows the stress transmission across the interior of cells.60 Therefore, cadherin 
mediated cell-cell adhesion maintains the integrity of the tissue and plays important 
role in tissue morphogenesis and homeostasis.47 
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Figure 3.6 Adherens junction formation at cell-cell interface.61 A: Cell-cell 
contact is first initiated when cells get close to each other. Small cadherin and catenin 
clusters are then formed, activating the intracellular signaling. B: More cadherins and 
catenins are recruited to the cell-cell contact region, while both actin network and 
junction expand. C: Adherens junction grows in association with actin remodeling 
and myosin recruitment. Reprinted with kind permission of ROCKEFELLER 
UNIVERSITY PRESS. 
 
3.1.3 Crosstalk between cell-ECM adhesion and cell-cell 
adhesion 
Cell-ECM adhesion and cell-cell adhesion have similar structure components. They 
are both linked to cytoskeleton, and share some common adaptor proteins and 
signaling molecules. Cadherin-mediated adhesion and integrin-mediated adhesion 
coordinate and are interdependent with each other, which is so called ‘adhesive 
crosstalk’.62 In this thesis, 'adhesive crosstalk' generally indicates the functional 
communication and interaction of cell-ECM adhesion and cell-cell adhesion induced 
signaling pathways, which is multi-level and varies in time and spatial dimension. 
Figure 3.7 describes different modes of crosstalk interactions based on short- and 
long- range of physical associations and cell signaling events. 
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Figure 3.7 Crosstalk interaction modes of cell-ECM adhesion and cell-cell 
adhesion.62 A: ‘long-range input-output’ mode, in which one type of adhesion 
indirectly affects other adhesions. B: ‘convergent signaling’ mode. Cell-ECM 
adhesion and cell-cell adhesion may independently initiate common downstream 
effectors or signaling pathways. C: ‘lateral coupling’ mode. Some short-range 
associations with adaptor proteins or growth factor receptors are involved to laterally 
couple the adhesion receptors within the plane of the membrane. D: ‘convergent 
signaling with long-range feedback’ mode. In this mode, all these three modes may 
associate with each other and converge into a common pathway. It results in the 
complex signaling loops, which may give feedbacks to mediate the functions of the 
initial adhesion elements. Reprinted with kind permission of COMPANY OF 
BIOLOGISTS LTD.. 
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   In the first ‘long-range input-output’ mode (figure 3.7 A), cell ECM adhesion or 
cell-cell adhesion may induce multiple signaling cascades and finally regulate the 
gene expression. The changes of the gene expression can alter the levels of adhesion 
proteins and/or other signaling proteins contributed to adhesions.63 In other cases, the 
engagement or disengagement of one type of adhesion may affect membrane 
trafficking or cytoskeletal association.64 In this mode, one type of adhesion indirectly 
affects other adhesions.  
   In the second ‘convergent signaling’ mode (figure 3.7 B), cell-ECM adhesion and 
cell-cell adhesion may independently initiate common downstream effectors or 
signaling pathways. As mentioned above, both adhesions generate force to induce the 
actin polymerization and the formation of actomyosin network. Other cytoskeletal 
elements, microtubules and intermediate filaments can be induced by two types of 
adhesions as well. These cytoskeleton scaffolds connect different types of adhesion 
complexes. Other shared signaling elements include non-receptor tyrosine kinases, 
adaptor and scaffolding proteins, and small GTPases.62 
   The third mode is so called ‘lateral coupling’ (figure 3.7 C). Some short-range 
associations with adaptor proteins or growth factor receptors are involved to laterally 
couple the adhesion receptors within the plane of the membrane. The coupling does 
not necessarily require physical connection via cytoskeleton or ligand engagement. 
For example, the insulin-like growth factor 1 receptor (IGF1R) enables integrin to 
stabilize cadherin-based cell-cell adhesion.65-66 
   Finally, all these three modes may associate with each other and converge into a 
common pathway. It results in the complex signaling loops, which may give 
feedbacks to mediate the functions of the initial adhesion elements (figure 3.7 D). For 
instance, Rho GTPases is the crosstalk point to converge the downstream signaling 
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from both adhesions, and to induce the upstream signaling to mediate individual 
adhesion molecules.65-66 
   In epithelia tissues, cell-ECM adhesion and cell-cell adhesion coordinately regulate 
cell behaviors and also affect each other based on the ‘adhesive crosstalk’ modes. 
Cell-ECM adhesion and cell-cell adhesion are spatially segregated in different 
locations on the cell surface. These two types of adhesions generate mechanical force 
and regulate actin dynamics in different ways, which contribute to the cell polarity.67 
Two adhesions even exert negative feedback on each other by a variety of ways in 
different conditions. Cell-ECM adhesion can weaken cell-cell adhesions in some 
cases, but can be impaired by cell-cell adhesions as well in some other conditions.68 
   The scheme of local negative feedback for the exclusion of two adhesions is shown 
in figure 3.8 A. When ECM-induced apical membrane protrusions are formed in a 
monolayer of epithelial cells, the cell-cell adhesion in the same region will be 
disassembled and reassemble in ECM free region.69 During cell spreading on ECM, 
the rigidity of cadherin-mediated adhesion is decreased.70 The biochemical 
mechanism is show in figure 3.8 B. Src that is activated by ECM-induced adhesion 
phosphorylates FAK. Phosphorylated FAK further phosphorylates β-catenin, which 
causes the disassembly of cadherin complex.71-72 Meanwhile, the disruption of 
cadherin complex may result in the release of zyxin, vinculin, and talin, which are 
components for both two types of adhesions.73-75 The released proteins may delocalize 
to reinforce cell-ECM adhesion. On the other hand, surface immobilized cadherin 
reduces the cell-ECM adhesion of epithelial cells and limits the formation of 
membrane protrusions.76 The cell-cell adhesion of two individual myocytes also 
results in the disassembly of ECM-induced adhesion in the region close to the cell 
contact area.77 
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Figure 3.8 Spatial segregation of cell-ECM adhesion and cell-cell adhesion.68 A: 
local negative feedback for the exclusion of two adhesions. Cell-ECM adhesion 
locally impairs cell-cell adhesion. B: Biochemical mechanism of spatial segregation 
of two adhesions. Cell-matrix adhesion (CMA) activates FAK, Src, β-catenin, thus 
causes the disassembly of cadherin complex. Cell-cell junction (CCJ) disruption 
results in the release of zyxin, vinculin, and talin, which may delocalize to reinforce 
cell-ECM adhesion. Reprinted with kind permission of Elsevier. 
 
3.2 Detecting and measuring cellular forces 
Cellular forces, which are forces generated by cells, play important role in cell 
biological events including cell adhesion, migration, morphogenesis, and 
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differentiation. Despite there are different types of cellular forces, we only focus on 
forces exerted by cells on surrounding substrates in this thesis. Cells apply mechanical 
forces on the substrates via ‘mechanotransduction’, a process of sensing and 
responding to cell surroundings.78-79 
   Scientists have been exploring methods used for detecting and measuring these 
cellular forces over the past decades. However, the application of developed methods 
on cells remains complicate. Multi-disciplinary cooperation is required for the 
interpretation of cell-generated forces into acceptable signal. There are different types 
of methods to detect and measure different cellular forces based on different 
assumptions, different technical and experimental constructions.80 In General, these 
methods can be catalogued into two classes: one class is based on measuring 
deformation of substrates where cells adhere on/in; another class is molecular tension 
probes, which translate the molecular deformation into cellular forces.80 Typical 
methods used for measuring cell generated forces on substrates are schemed in figure 
3.9. 
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Figure 3.9 Typical methods for measuring cell generated forces.80 By measuring 
the compaction of collagen gel which contains cells, cell traction force can be 
qualitatively characterized. Tissue pillars constituted of cantilevers can quantify cell 
traction force. Cell traction force microscopy of 2D or 3D measures cell generated 
forces by translating the displacement of fluorescent microbeads. Micropillar is also 
prospective method for measuring single cell force in high resolution. Molecular 
tension probes utilize functional molecules to quantify single cell force more 
accurately. Reprinted with kind permission of Springer Nature. 
 
3.2.1 Deformation of substrate 
As the simplest way, the deformation of cells or substrates can be measured without 
translating the deformation into actual force. For example, cells were embedded in 
collagen gel. Upon contraction force of cells, the collagen gel was compacted over a 
time period. By measuring this compaction, i.e. the change of gel diameter, cell 
traction force could be qualitatively characterized.81 Although the application of this 
method is relatively easy, it has the drawback that the actual force is not obtained and 
it can not determine single cell forces. 
   Tissue pillars are also widely used for measuring cell contractile forces in a piece of 
tissue. Cantilevers of known stiffness are fixed as a substrate, on which cell 
contraction forces exert. The resulted bending or displacement of the free end of the 
cantilevers can be imaged by microscopy.82 Wesley R. Legant et al fabricated 
microtissue gauges consisted of cantilevers to measure cell forces. Deep investigation 
was performed on matrix remodeling events, microtissue force generation, and 
reported rapid changes in microtissue force in response to soluble stimuli.83 However, 
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this method still has the limitation that it cannot be used to determine single cell 
forces.  
   Cellular traction force microscopy (TFM) is a developed method, which can 
determine single cell traction force by obtaining measurements of the surrounding 
displacement field within an in vitro extracellular matrix (ECM). It is a typical way to 
study dynamic mechanical behavior of cell-ECM and cell-cell interactions. In a 
standard TFM, fluorescent microbeads (≤ 1 µm) are embedded in transparent 3D 
ECM substrates which are normally natural or synthetic hydrogels. These microbeads 
work as fiduciary markers that can be tracked in space and time with microscopy.84-85 
When cell traction force exerts, the displacement of fluorescent microbeads is 
recorded and transcript into cellular force computationally. The hydrogel substrate 
should be biocompatible to maintain cellular viability; and the mechanical properties 
of hydrogel substrate should be well characterized. Conventional TFM can be 
classified into 2D TFM and 3D TFM. In 2D TFM, fluorescent microbeads are mostly 
concentrated on the internal surface of hydrogel, while cells are seeded on the surface 
of the hydrogel. In 3D TFM, fluorescent microbeads are homogeneously distributed 
in 3D ECM, while cells are seeded inside the hydrogel.80 
   In general, a 2D or 3D TFM experiment is performed as the following process:80 (1) 
Cells on the surface or inside the hydrogel exert traction forces on their surrounding 
hydrogel, causing a stressed state of fluorescent microbeads embedded. (2) The 
distribution of these stressed state microbeads are firstly optically imaged. (3) Forces 
are released upon treatments of cells, e. g. cell lysis,86 detachment,87 or myosin 
inhibition,88 causing an unstressed state of fluorescent microbeads. (4) These 
unstressed state microbeads are imaged again. (5) The displacement of microbeads 
between unstressed state and stressed state are calculated by analyzing the resulted 
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two images computationally, and translated into cellular forces required for such 
displacement according to the known mechanical properties of hydrogel. 
   TFM is a powerful tool to study cell behavior related to cellular forces. Qingzong 
Tseng et al. used 2D TFM to investigate the effect of force on cell-cell junction 
positioning.89 Wesley R. Legant et al. applied 3D TFM for measuring traction forces 
exerted by varieties of cells on their 3D surroundings.90 Stacey A. Maskarinec et al. 
combined 2D TFM and 3D TFM to develop a method combining laser scanning 
confocal microscopy (LSCM) and digital volume correlation (DVC).88 In this method, 
fibronectin (FN)-coated polyacrylamide gels containing fluorescent microbeads were 
fabricated as substrate for 3T3 fibroblasts migrating. Cellular force induced 
deformation of hydrogel was quantified in all three spatial dimensions: in-plane (x, y) 
and normal (z) displacements. This study revealed that cells explore their 
surroundings in all three dimensions. Normal forces play important role as well even 
in 2D migration. Both 2D TFM and 3D TFM can translate the displacement of 
fluorescent microbeads into cellular force map. 2D TFM can sense force range of 2-
120 nN, from single cell or cell group, with spatial resolution of ~2 µm. 3D TFM is 
currently limited in single cell force with spatial resolution of ~5 µm.80 In both 
methods, synthesis and functionalization of fluorescent microbeads embedded 
hydrogels are required. Cell treatments, for example cell lysis are also required which 
may induce extra difficulties.80 
   Besides TFM, micropillar method can also generate cellular force map by 
measuring the deformation of substrate. Micropillar method is similar to the tissue 
pillar method described above, since both of them measure the deformation of the 
substrate silicon rubber cantilevers. However, in micropillar method, cantilevers are 
normally in 0.5-10 µm range, much smaller than in tissure pillar method. Moreover, 
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they are fabricated in micropillar arrays, aiming at measuring the forces generated by 
single cells. This method is relatively easy for computation into force map. It does not 
require cell lysis as required in TFM, because the unstressed state of pillars is known. 
It also has the advantage that the stiffness of micropillars can be controlled by varying 
the length and width of the pillars.80, 91-92 Saba Ghassemi et al fabricated 
poly(dimethylsiloxane) (PDMS) elastomer pillars with diameters of 2, 1, and 0.5 µm 
in hexagonal arrays. By measuring forces on these different micropillars, they 
revealed that local contraction caused by submicron scale myosin filaments plays 
important role in cell sensing the stiffness of the substrates.93 Micropillar as a 
perspective cellular force measuring method, can measure cellular forces in a range of 
50 pN-100 nN, from 1-10 cells, with spatial resolution of ~1 µm.80 However, it cannot 
mimic the morphology of cell on ECM and the application in 3D measurement is 
limited. 
 
3.2.2 Molecular tension probes 
In the methods described above, cell traction force-induced deformation of substrate 
or displacement of fluorescent microbeads is measured. These traditional methods can 
normally sense nanonewton range forces, and the sensitivity is related to the stiffness 
of the substrate. Another class of methods for measuring cellular force is tension 
probes, which can quantify single cells or even single molecular scale forces of 
piconewton range. In these methods, functional molecules are commonly used to 
interact with cells and probe cellular forces.80, 94-95 
   Old topics include detecting cellular forces by atomic force microscopy (AFM), 
magnetic tweezers (MT), and optical tweezers (OT) and more. P. P. Lehenkari et al. 
functionalized AFM tip with RGD peptide, linked with PEG chain. Then integrin 
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binding forces were measured by probing cells containing integrins by this 
functionalized tip, which turned out to be around 32-97 pN.96 Nadine Walter et al. 
used magnetic tweezers to investigate the cellular unbinding forces on gold 
nanopatterned surfaces. A cell with covalently bound magnetic beads adhered on 
nanopatterned surfaces of different spacing through integrin-ligand interactions. Then 
magnetic tweezer was utilized to exert a vertical force by lifting the cell. The results 
showed an increased unbinding force on smaller spacing nanopatterned surface.97 
Similar to magnetic tweezers method, a functionalized glass bead can be bound to a 
cell and pulled by optical tweezers. A piezoelectric-driven glass pipette displaces this 
glass bead. Kimihide Hayakawa et al. utilized optical tweezers to directly stretch actin 
stress fiber, resulting in an activation of mechanosensitive channel in human 
umbilical vein endothelial cells.98 
   In past years, scientists did much effort in the development of high-resolution 
‘molecular tension probes’, or so called ‘molecular force sensors’. These force 
sensors normally contain either a fluorophore and a quencher or a Förster resonance 
energy transfer (FRET) fluorophore pair. These fluorophore pairs are separated by an 
entropic polymeric molecular spring. The strain of the molecular spring, which is 
induced by cellular forces, can be measured since it is the function of the emission 
spectra of the fluorophores shift. These molecular tension probes are commonly 
immobilized on a cell culture surface, mostly targeting integrins and measuring 
integrin-based binding forces. They normally use PEG or DNA hairpin as molecular 
spring.99-101 Stain of the spring can be converted into quantified cellular forces by 
either experimental calibration or theoretical calculation.99, 101-103 Yang Liu et al 
fabricated RGD peptide containing molecular tension probes on gold nanopatterned 
surface, aiming to study integrin tension and actin dynamics during early focal 
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adhesion maturation. In this study, the quenching efficiency of Cy3B fluorophore as a 
function of distance from AuNP surface was calibrated by a range of DNA duplexes, 
so called nonlinear state estimation technique (NSET) calibration plot. Then the cell 
tension force, as a function of the change in fluorescence signal was calculated based 
on wormlike chain (WLC) model and NSET model.99 Brandon L. Blakely et al 
developed a molecular tension probe consisted of DNA hairpins conjugated to 
fluorophore-quencher pairs. When cell traction force applied, the fluorophore-
quencher pairs unfold and fluoresce. It gave the information of cell traction forces. 
The force within focal adhesions was identified by ROCK inhibitor and Rho activator, 
and thus was revealed to be heterogeneous and localized at their distal edges. In this 
study, the force required to unfold DNA hairpin was determined by a dual-beam 
optical trapping apparatus.100 DNA hairpin as molecular spring can be designed to 
unfold under a variety of forces. Compared with traditional TFM methods, these 
molecular tension probes have advantages of higher resolution and sensitivity to 
cellular forces. They can measure cell-generated forces on glass, plastic, or other 
polymers, with which traditional TFM methods cannot achieve. However, one should 
notice that, molecular tension probes provide only the magnitude but not the direction 
of cellular forces. 
   Here we discussed only some of the reported methods for detecting and measuring 
cellular forces on substrates. There are also methods for detecting forces in cells, and 
methods for detecting single molecular binding forces. They are all powerful tools to 
understand cell behaviors affected and regulated by forces. However, the 
development of these methods still requires combination of biology, chemistry, 
physics, and computation, which remains great challenge. 
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3.3 Surface immobilization of specific ligands for cell 
adhesion 
In the sections above, we discussed cell adhesion and adhesion force. Cell adhesion in 
lives involves the participation of enormous of biomolecules, which affect each other 
in a complicate way. Cell adhesion studies can be simplified by immobilizing specific 
ligands on model surfaces. In addition, the immobilization of specific ligands on 
material surfaces is important for the development of biomaterials and the application 
in biomedical engineering. 
   Cell-ECM adhesion on different surfaces is commonly studied by immobilizing 
appropriate RGD ligands on surfaces, which specifically target to integrins expressed 
by various types of cells. RGD ligands are normally covalently immobilized onto 
surfaces by different methods, according to the properties of the substrate surfaces. 
Daniel Hal Davis et al. immobilized RGDC peptide on silicon surface for fibroblast 
adhesion and proliferation study. Silicon surface was first modified by aminosilane, 
followed by the linkage of maleimide groups. RGDC peptide was finally immobilized 
onto the surface through maleimide-thiol reaction.104 Ming-Hua Ho et al. immobilized 
RGDS peptide on chitosan scaffold via amide bonding between amino groups in 
chitosan and carboxyl groups in peptides, which enhanced the attachment of rat 
osteosarcoma cells on chitosan scaffold.105 Compared with linear RGD sequences, 
cyclic RGDs are more effective ligand to interact with cellular integrins.106 Yang Liu 
et al. constructed nanoparticle tension probes for investigating force impacted integrin 
clustering. Cyclic(RGDfK)C was firstly modified with NHS-azide through amine 
groups to render azide group. Thiol group was reacted with Cy3B-maleimide. Then 
the azide group was reacted with alkyne-PEG-thiol. The obtained Y-shape molecule 
containing RGD peptide and Cy3B fluorophore was immobilized onto gold 
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nanoparticles through Au-thiol reaction.99 RGD peptides can also be introduced on or 
into hydrogels of different biocompatible materials. D. Guarnieri et al. conjugated 
RGD peptide onto NHS-activated PEG chain. The RGD containing hydrogels were 
formed by combining PEG chains with different concentrations of RGD-PEG 
chains.107 F. Z. Cui et al. immobilized RGD peptide in hyaluronic acid hydrogel by 
activating hydrogel with 1,1-carbonyldiimidazole (CDI).108 Besides immobilizing 
RGD peptides onto different surfaces, fibronectin or collegen IV can also be coated 
onto surfaces for cell adhesion studies.76, 109 
   Cell-cell adhesion is commonly studied by immobilizing cadherin proteins or 
functional HAV peptide sequence on surfaces. Dagmar Fichtner et al. achieved 
covalent and density-controllable immobilization of E-cadherin by producing E-
cadherin-SNAP-12His-tag linker. The 12 histidine residues (12His) extracted the 
fusion protein out of the cell supernatant by Ni2+-NTA affinity chromatography. The 
SNAP-tag covalently bound to the benzyl group by releasing of the guanine part of 
benzylguanine thiol (BGT), which was mixed with matrixthiol on gold surface by 
microcontact printing.110 A prospective technique for immobilizing proteins in 
biomaterials is fusion of Fc domain of IgG with a target protein, such as cadherin. 
Functional domain of E-cadherin or N-cadherin is fused as N-terminal with the Fc 
domain of IgG, forming E-cad-Fc or N-cad-Fc. Then anti-IgG antibodies specifically 
recognize them. Arthur Ganz et al. achieved force measurement at N-cadherin 
contacts by immobilizing N-cadherin onto micropillars in two steps. Anti-IgG 
antibodies were first coated onto micropillars, followed by coating of N-cad-Fc.111 
HAV peptide can also be covalently immobilized on surface for cell adhesion study. 
Brian D. Cosgrove et al. covalently conjugated HAVDI peptide, together with RGD 
peptide, in hyaluronic acid hydrogel to study the mechanosensing of mesenchymal 
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stem cells. In this study, peptides with cysteine residues were linked to the backbone 
of hyaluronic acid with methacrylate via Michael-type addition reactions.112 
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4 Motivation 
In an organized multicellular structure, cells adhere either to extracellular matrix 
(ECM) or to other cells. This adhesion is the molecular basis of tissue architecture and 
morphogenesis. It is crucial for the assembly of individual cells into three-
dimensional tissues of animals. Cell-ECM adhesions are mainly mediated by integrin 
family, which connects extracellular proteins and cytoplasmic protein complex. Cell-
cell adhesions are chiefly mediated by cadherin superfamily, by which cells are 
closely bound together. Integrin-mediated interactions and cadherin-mediated 
interactions have been continuously investigated, as they affect cell internal structure 
and decide cell fate jointly. 
   In order to decouple specific integrin or cadherin based interaction from enormous 
kinds of adhesive interactions and isolate the integrin-mediated or cadherin-mediated 
adhesions from the complex cell behaviors, one common method is immobilizing 
respective ligand proteins on biomaterials. This isolation can also endow biomaterials 
with specific properties to mediate cell behaviors for certain applications. However, 
proteins can be easily denatured and lose the activity during the fabrication process of 
biomaterials and are difficult to be precisely functionalized by active chemical groups. 
Protein mimetic peptides are therefore widely utilized as substitutes in materials 
science due to their high stability, simple synthesis, precise chemical structure, 
relatively low costs, and easy to use advantages. In this work, we concentrated to 
study cell-ligand interactions by immobilizing respective ligand peptides on 2D 
surfaces. 
   Cell adhesion force plays important role in cell behaviors including cell adhesion, 
signaling, function, and morphogenesis. Based on cell-ligand interactions, cells are 
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able to sense the mechanical cues in microniche and respond by applying cellular 
forces through mechanotransduction. Measuring cellular forces is important to 
understand cell behaviors and how cells respond to biochemical and physical 
stimulations. Several methods have been developed to detect and measure cellular 
forces, including substrate deformation-based methods and molecular tension probes. 
The former class is limited by the properties of substrate materials to fully mimic cell 
ECM. The latter systems are normally established by fluorophores, which suffer from 
saturation and photobleaching effects. 
   A new type of molecular tension probe was designed in this thesis by immobilizing 
RGD peptide and paramagnetic ion containing polymer on nitrogen-vacancy (NV) 
diamond to study integrin-induced cell adhesion force. NV diamond has been used as 
prospective quantum sensor due to the spin-dependent photoluminescence effect of 
NV centers. Atomic resolution imaging can be achieved. 
   In the second section, cadherin-induced cell-cell interaction was studied by 
immobilizing E-cadherin mimetic histidine-alanine-valine (HAV) peptide. Cadherin 
mimetic peptides are widely used in synthetic biomaterials to mimic cell-cell adhesion 
in cells microniches. This mimicry regulates various cell behaviors, including 
epithelia remodeling, signal propagation, cell migration and cell differentiation. 
Although the interaction between immobilized cadherin and cells has been studied in 
a set of work, it still lacks knowledge to understand the functions of the cadherin 
mimetic peptides. Since the peptides only mimic the critical amino acids sequence of 
the cadherin, they do not possess the equal function to proteins. On the other hand, 
peptides are more stable, easier to fabricate, and exhibit precise chemical composition, 
compared with proteins. E-cadherin mimetic peptide His-Ala-Val (HAV) was hereby 
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immobilized on material surfaces and the adhesion and clustering of epithelial cells 
were studied.  
   Overall, different types of cell-ligand interactions were studied by utilizing related 
biomimetic peptides in this thesis. These studies are expected to not only exhibit an 
overview of the cell adhesions, but also can assist the design of novel biomaterials. 
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5 Materials and Methods 
5.1 Preparation of functional surfaces 
5.1.1 Nitrogen-Vacancy (NV) diamond based force sensor 
5.1.1.1 Silica (SiO2) coating on NV diamond 
Silica (SiO2) coatings were always tested on silicon wafers with 1x1 cm2, 500 µm 
thick, one side polished (Si-Mat, Germany) before applied on diamonds. Prior to SiO2 
coating, silicon wafers were washed in acetone (VWR International GmbH, 
Germany) and ethanol (Carl Roth GmbH, Germany) by ultrasound for 15 minutes, 
respectively. After being rinsed by distilled and deionized H2O (ddH2O), the silicon 
wafers were immersed in fresh Piranha solution, which is a 3:1 mixture of sulfuric 
acid (H2SO4, Carl Roth GmbH, Germany) and hydrogen peroxide (H2O2, Merck 
KGaA, Germany) for about 1 hour. Then they were rinsed thoroughly by ddH2O and 
dried by nitrogen gas. 
   Two methods were developed to generate SiO2 layers of different thickness on these 
clean silicon wafers. In the first step of both methods, (3-Aminopropyl)triethoxysilane 
(APTES, Sigma, Germany) was added into a mixture solvent of ethanol and ddH2O. 
In the second step, for method a, tetraethyl orthosilicate (TEOS, Sigma, Germany) 
and ammonia solution 25% (Sigma, Germany) were added into a mixture solvent of 
ethanol and ddH2O; while for method b, TEOS, 1,2-Bis(triethoxysilyl)ethane (BTSE, 
Sigma, Germany) and ammonia solution 25% were added. All parameters generating 
SiO2 layers of different thickness by both methods are listed in table 5.1.1.  
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Table 5.1.1 Silica coating parameters for method a and method b 
Coating 
steps Solvents 
Method a 
(High 
concentration) 
Method a 
(Low 
concentration) 
Method b 
1st step 
(2 h) 
Ethanol 20 ml 
+ 
H2O 20 ml 
APTES 400 µl APTES 100 µl APTES 100 µl 
2nd step 
(1 h/1.5 
h/2 h/3 h) 
Ethanol 30.8 
ml + 
H2O 9.2 ml 
TEOS 80 µl, 
Ammonia 720 µl 
TEOS 20 µl, 
Ammonia 180 µl 
TEOS 20 µl 
+ BTSE 16.5 µl, 
Ammonia 180 µl 
 
   For coating silica layers on diamonds with NVs or without NVs, diamonds were 
always first washed by fresh Piranha and washed by ddH2O. Then SiO2 layers were 
obtained by method a or method b as on silicon wafers.  
   The SiO2 layers on diamonds can be washed off by immersing the diamonds in 
saturated NaOH solution at 80 °C for over 12 hours. 
 
5.1.1.2 Multi-step synthesis of Y-shape macromolecule 
5.1.1.2.1 Synthesis of linear functional PEG molecule (without 
RGD peptide) by method a 
Metal ion chelator 2,2’,2”-(10-(4-((2-((((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-
ylmethoxy)carbonyl)amino)ethyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (BCN-DOTA-GA, Chematech, 
France) 50 mg was dissolved in 1 ml ddH2O, then transferred into 10 ml round-
bottom flask, together with a clean stirrer. N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC, Sigma, Germany) 2.76 mg was dissolved in 1 
ml ddH2O and added into flask dropwise by syringe under stirring. After 2 hours of 
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stirring, Boc-NH-PEG-NH2 with molecular weight 3000 Dalton (Iris Biotech GmbH, 
Germany) 39.8 mg was dissolved in 1 ml ddH2O and added into flask dropwise by 
syringe under stirring. The reaction was kept at room temperature under stirring for 
24 hours. The reaction solution was then transferred and dialyzed in H2O for 24 
hours. Boc-NH-PEG-DOTA (LS (A)-1) was obtained by freeze-drying.  
   Boc-NH-PEG-DOTA 20 mg was dissolved in 6 ml ddH2O, subsequently 0.5 ml 
hydrochloric acid (HCl, Sigma, Germany) of 1 M was added. The reaction was kept 
in room temperature under stirring for 4 hours. H2N-PEG-DOTA (LS (A)-2) was 
obtained by freeze-drying.  
   H2N-PEG-DOTA 20 mg in round-bottom flask was set up in Schlenk line to insure 
water free condition. Extra dry dimethylformamide (DMF, Acros, Germany) 4 ml was 
taken and added into flask under argon flux to dissolve H2N-PEG-DOTA. Then 4 µl 
3-(triethoxysilyl)propyl isocyanate ((EtO)3Si-NCO, Sigma, Germany) and 5 µl 
triethylamine (TEA, Sigma, Germany) were added into reaction flask under argon 
flux as well. The argon flux ran for 0.5 hour, then the reaction solution was kept 
closed in Schlenk system and kept stirring for 24 hours. The reaction solution was 
dialyzed in ethanol for 34 hours, then concentrated and dried under vacuum to yield 
the third product (EtO)3Si-PEG-DOTA (LS (A)-3). 
 
5.1.1.2.2 Synthesis of linear functional PEG molecule (without 
RGD peptide) by method b 
Metal ion chelator BCN-DOTA-GA 22 mg in 25 ml round-bottom flask was set up in 
Schlenk line to insure water free condition. A mixture solvent of 3 ml methanol and 2 
ml DMF was used to dissolve BCN-DOTA-GA under argon flux. Then 61 mg 
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(MeO)3Si-PEG-N3 of molecular weight 3000 Dalton (Iris Biotech GmbH, Germany) 
was added into solution under argon flux. The argon flux ran for 0.5 hour, then the 
reaction solution was kept closed in Schlenk system and kept stirring for 24 hours. 
The reaction solution was dialyzed in extra dry methanol until excess of BCN-DOTA-
GA precipitated. After filtrating the excess of BCN-DOTA-GA, the reaction solution 
was further dialyzed in methanol for 2 days before being concentrated and dried under 
vacuum to yield the product (MeO)3Si-PEG-DOTA (LS (B)). 
 
5.1.1.2.3 Synthesis of Y-shape functional PEG molecule 
(MeO)3Si-PEG-N3 28 mg in round-bottom flask was set up in Schlenk line to insure 
water free condition. Then it was dissolved by adding 4 ml extra dry DMF into flask 
under argon flux. Subsequently 8 mg (1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl 
N-succinimidyl carbonate (BCN-NHS, Sigma, Germany) was added into flask under 
argon flux and dissolved in reaction solution. The reaction solution was kept stirring 
in Schlenk line for 6 hours to render (MeO)3Si-PEG-NHS (YS-1) without further 
purification. Then cyclic(RGDfK)C (Peptide Specialty Laboratories GmbH, Germany) 
15 mg and 6 µl TEA were added into flask under argon flux. The argon flux ran for 
0.5 hour, then the reaction solution was kept closed in Schlenk system and kept 
stirring for 24 hours. The reaction solution was dialyzed in extra dry methanol for 3 
days before being concentrated and dried under vacuum to yield (MeO)3Si-PEG-RGD 
(YS-2). 
   (MeO)3Si-PEG-RGD 35 mg in round-bottom flask was set up in Schlenk line to 
insure water free condition. Then it was dissolved by adding 4 ml extra dry DMF into 
flask under argon flux. 10 mg 2,2’,2”-(10-(1-carboxy-4-((2-(2,5-dioxo-2,5-dihydro-
1H-pyrrol-1-yl)ethyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
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triyl)triacetic acid (maleimide-DOTA-GA, Chematech, France) and 6 µl TEA were 
added into flask under argon flux and dissolved in reaction solution. The argon flux 
ran for 0.5 hour, then the reaction solution was kept closed in Schlenk system and 
kept stirring for 24 hours. The reaction solution was dialyzed in extra dry methanol 
for 24 hours before being concentrated and dried under vacuum to yield the third 
product (MeO)3Si-PEG-RGD-DOTA (YS-3). 
 
5.1.1.2.4 Surface coating of Y-shape and linear functional PEG 
molecule 
LS (B) and YS-3 were coated onto glass slides and silicon wafers for further 
experiments. All slides were first washed in acetone and ethanol by ultrasound for 5 
minutes for each. After being rinsed by ddH2O, slides were immersed in fresh Piranha 
for 1 hour. Then the slides were washed by ddH2O and dried completely by nitrogen 
gas. The clean slides were put into flask and set up in Schlenk line to insure water free 
condition. 1 mM LS (B) or YS-3 in extra dry toluene solution was added into flask 
under argon flux, together with 4 µl TEA. The argon flux ran for 0.5 hour, then the 
reaction solution was kept closed in Schlenk system and kept at 80 °C for overnight. 
The coated slides were washed by ethanol, ddH2O, and dried by nitrogen gas.  
 
5.1.1.3 Bottom-up construction of Y-shape force sensor 
All coating procedures were tested on glass slides, silicon wafers, and Q-sensor silica 
slides before being applied on silica-coated diamonds. 
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5.1.1.3.1 Linear bottom-up coating 
All glass slides and silicon wafers were washed by the same procedure as described in 
5.1.1.2.4. Qsensor slides were washed in acetone and ethanol, subsequently put in UV 
Ozone Cleaner (ProCleaner™ Plus, BioForceNanosciences) for 20 minutes. Then 
they were coated by 1 mM (MeO)3Si-PEG-N3 in extra dry toluene at water free 
condition by the same protocol in 5.1.1.2.4 to obtain LC-1 (N3). LC-1 (N3) slides were 
then reacted with 1 mg/ml BCN-DOTA-GA in DMF for 3 hours to achieve LC-2 
(DOTA). After washed and dried, the slides were further reacted with 1 mg/ml 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 1 mg/ml N-
Hydroxysuccinimide (NHS) in DMF for 3.5 hours. After being washed by acetone 
and dried, the slides were further reacted with 0.2 mg/ml cyclic(RGDfK) (Peptide 
Specialty Laboratories GmbH, Germany) in DMF for overnight and LC-3 (RGD) 
slides were obtained. Gadolinium ions were loaded either on LC-2 (DOTA) or on LC-
3 (RGD) by immersing the slides in 2 mg/ml GdCl3*6H2O water solution for 
overnight.  
 
5.1.1.3.2 Y-shape bottom-up coating 1st strategy 
All glass slides and silicon wafers were washed by the same procedure as described in 
5.1.1.2.4. Qsensor slides were washed in acetone and ethanol, subsequently put in UV 
Ozone Cleaner (ProCleaner™ Plus, BioForceNanosciences) for 20 minutes. Then 
they were coated by 1 mM (MeO)3Si-PEG-N3 in extra dry toluene at water free 
condition by the same protocol in 5.1.1.2.4 to achieve YC-1 (N3). YC-1 (N3) slides 
were then coated with BCN-NHS by immersing in 1 mg/ml BCN-NHS in DMF for 6 
hours to achieve YC-2 (NHS). After being washed by acetone and dried, YC-2 (NHS) 
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slides were coated with cyclic(RGDfK)C  by immersing in 0.2 mg/ml c(RGDfK)C in 
DMF containing 4 µl TEA as catalyst for 24 hours to achieve YC-3 (RGD). Then YC-
3 (RGD) slides were coated with maleimide-DOTA-GA by immersing in 1 mg/ml 
maleimide-DOTA-GA in DMF containing 4 µl TEA and 0.1 ml NaHCO3 as buffer 
for 24 hours to render YC-4 (RGD+DOTA). Finally gadolinium ions were loaded by 
immersing the slides in 2 mg/ml GdCl3*6H2O water solution for overnight to achieve 
YC-5 (RGD+DOTA+Gd3+). 
 
5.1.1.3.3 Y-shape bottom-up coating 2nd strategy 
YC-1 (N3) and YC-2 (NHS) were obtained by the same procedure as described in 
5.1.1.3.2. Then RGD-DOTA 2-in-1 molecule was obtained by reacting 1 equivalent 
of c(RGDfK)C and 1.2 equivalent of maleimide-DOTA together in DMF for 24 
hours. YC-2 (NHS) slides were coated with RGD-DOTA molecule by immersing in 
RGD-DOTA (containing 0.1 mg/ml RGD) in DMF containing 2 µl TEA for 48 hours 
to achieve YC-3 (RGD + DOTA). Finally gadolinium ions were loaded by immersing 
the slides in 2 mg/ml GdCl3*6H2O water solution for overnight to achieve YC-4 
(RGD+DOTA+Gd3+). 
 
5.1.1.3.4 Y-shape bottom-up coating 3rd strategy 
YC-1 (N3) slides were obtained by the same procedure as described in 5.1.1.3.2. Then 
BCN-RGD-DOTA 3-in-1 Y-shape molecule (BRD) was obtained by reacting 1.5 
equivalent of RGD-DOTA and 1 equivalent of BCN-NHS in DMF in the present of 
TEA as base for overnight. By the same procedure another 3-in-1 Y-shape molecule 
DBCO-RGD-DOTA (DRD) was obtained by reacting Dibenzocyclooctyne-PEG4-N-
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hydroxysuccinimidyl ester DBCO-PEG4-NHS (Synaffix BV, Netherlands) with 
RGD-DOTA. YC-1 (N3) slides were coated with BRD or DRD molecules by 
immersing in BRD or DRD (containing 0.1 mg/ml RGD) in DMF or DMF/H2O 1:9 
mixed solution for 24 hours to achieve YC-2 (RGD+DOTA). Finally gadolinium ions 
were loaded by immersing the slides in 2 mg/ml GdCl3*6H2O water solution for 
overnight to achieve YC-3 (RGD+DOTA+Gd3+). 
 
5.1.1.3.5 Y-shape bottom-up coating for Y-shape S 
YC-1 (N3) slides were obtained by the same procedure as described in 5.1.1.3.2 but 
using (MeO)3Si-PEG-N3 with molecular weight 800 Dalton. Then BRD molecule was 
obtained and coated onto YC-1 (N3) in DMF by the same procedure as described in 
5.1.1.3.4. Gd3+ ions were loaded by the same protocol as described in 5.1.1.3.4. 
 
5.1.1.4 Surface immobilization of cell-simulated microbeads  
Microbeads (beads A without BSA and beads B with BSA) with 6 µm diameter and 
with amine groups on the surface were kindly provided by Andrea Zappe (3. 
PhysikalischesInstitut, Stuttgart University). Both beads A and beads B were diluted 
into 1% wt by DMF. Then 20 µl of each bead solution was added into 500 µl 10 
mg/ml BCN-NHS solution respectively. After being kept shaking for more than 48 
hours, the two reaction tubes were put into centrifuge to remove the rest BCN-NHS. 
The beads were washed by ddH2O for 2 times before being centrifuged to achieve 
BCN-beads A/B. Three kinds of glass surfaces were prepared: azide functional 
surface was prepared by coating (MeO)3Si-PEG-N3 (MW3000), PEG functional 
surface was prepared by coating (EtO)3Si-PEG-OMe (MW2000, Iris-GmbH, 
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Germany), NHS functional surface was prepared by reacting BCN-NHS on azide 
functional surface. BCN-beads A/B and original amine contained beads A/B were 
loaded onto different surfaces in a concentration of 0.01% and the slides were kept 
shaking for over 48 hours. After the slides were washed by ddH2O and dried by 
nitrogen gas, the images were taken by 20X objective microscopy.  
 
5.1.2 E-cadherin mimetic HAV peptide functionalized surfaces 
5.1.2.1 Homogeneous gold surface and gold nanostructured 
surface 
Prior to the fabrication of gold surfaces, glass slides as substrates were first cleaned in 
acetone and ethanol by ultrasound for 5 minutes for each. Then they were immersed 
in fresh piranha solution for about 1 hour. Finally the glass slides were cleaned by 
deionized water thoroughly and dried by nitrogen gas. 
   Homogeneous thin layer gold (Au) surface was kindly provided by Frank Thiele 
(Department Schuez, MPI-IS). 10 nm titanium (Ti) was first sputtered onto glass 
slides, subsequently 25 nm gold was sputtered on top of Ti layer. 
   Gold nanoparticle (AuNP) structured surfaces with different spacing were 
fabricated as well. We used the protocol for depositing 9 nm AuNPs on glass surface 
by block copolymer micelle nanolithography (BCMN) using polystyrene-block-
poly(2-vinylpyridine) (PS-b-P2VP), which is based on the previous work.113-114 In 
order to fabricate 12 nm, 39 nm, 66 nm, 89 nm, and 112 nm inter-particle distance 
substrates, 5 different micelle solutions were prepared and deposited by spin coating 
with different parameters. 5 different polymers with different numbers of PS 
repeating units 154, 288, 1200, 501, 1824 (Polymer Source Inc, Canada) were 
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dissolved at different concentrations in extra dry toluene (Sigma, Germany). Different 
amounts of HAuCl4·3H2O (Sigma, Germany) were then added into the polymer 
solutions. Then these solutions were deposited onto clean glass slides by spin-coating 
method at different spinning speed. All parameters in fabricating different spacing 
AuNPs patterned surfaces, including polymers used, concentrations, gold loading 
values and spin-coating velocities, are listed in table 5.1.2. By hydrogen plasma 
treatment (0.1 mbar, 200 W) for 45 minutes, organic compounds were removed, 
resulting in the coalescence of the 9 nm AuNPs with different spacing. The obtained 
AuNPs patterned surfaces were imaged by scanning electron microscope (SEM, Zeiss 
Ultra 55 SEM, Carl Zeiss AG Germany). Then they were passivated by silane-PEG 
with molecular weight 2000 Da (Iris-GmbH, Germany) at 80°C at water free 
condition for 18 hours, with triethylamine as a catalyst.  
 
Table 5.1.2 Parameters for fabricating AuNPs patterned surfaces with different 
spacing 
Achieved 
spacing 
(nm) 
Polymer 
(repeating units 
of styrene) 
Polymer 
concentration 
(mg/ml) 
Loading 
Spinning 
velocity 
(rpm) 
12 154 4 0.3 4000 
39 288 4 0.3 5000 
66 1200 2 0.3 8000 
89 501 3 0.3 12000 
112 1824 2 0.3 5000 
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5.1.2.2 Substrate of traction force microscopy 
Sterilized glass bottom Petri-dish 35 mm (D35-20-0-N, Cellvis, USA) was first 
activated by an activation solution constituted of 20 ml EtOH, 600 µl 10% acetic acid 
(in H2O) (Sigma, Germany), and 100 µl 3-trimethoxysiylpropyacrylate (Sigma, 
Germany) at 65 °C for 3 hours. They were then washed by ddH2O and dried by 
nitrogen gas. AuNPs patterned glass slides with 12 nm spacing were prepared 
according to the protocol in 5.1.2.1. Then polyacrylamide (PAAm) hydrogels 
containing fluorescent microbeads as well as AuNPs patterned surface were 
fabricated. A mixed solution containing 988 µl acrylamide/bis-acrylamide mixture  
(Sigma), 6.5 µl dye labeled beads (0.5 µm red) (L3280, Sigma), 5 µl ammonium 
persulfate (APS), and 0.5 µl tetramethylethylenediamine (TEMED) was added onto 
the AuNPs patterned glass slide. Subsequently, the droplet was covered by activated 
Petri-dish upside-down. After the gelation completely finished, the petri dish was 
turned over with gel inside and glass slide on top. By immersing in PBS for several 
days, the glass slide was removed, with AuNPs transferred onto the surface of PAAm 
hydrogel. The fluorescent microbeads were concentrated at the internal surface of 
PAAm hydrogel.  
 
5.1.2.3 Immobilization of HAV peptide on gold surfaces 
Peptides immobilization on these gold surfaces were achieved by immersing Au 
surfaces or AuNPs patterned slides in peptide solutions of 25 µM in H2O for 18 hours 
at 4°C. Three peptides, RGD [cyclic(RGDfK)-(PEG5)2-C], HAV [LYS-HAV-SSNG-
(PEG5)2-CCC], SCR [NSG-HYL-SVAS-(PEG5)2-CCC] (Peptide Specialty 
Laboratories, Germany) have been used. To obtain RGD, HAV, and SCR 
Materials	  and	  Methods	  
	   46	  
immobilized surfaces, slides were immersed in related peptide solutions. To obtain 
RGD/HAV or RGD/SCR mixed immobilized surfaces, slides were immersed in 
RGD:HAV 1:400 or RGD:SCR 1:400 mixed peptide solutions. For traction force 
microscopy, hydrogels were immersed in RGD: HAV1:9, or RGD:SCR=1:9 mixed 
peptide solutions. 
 
5.2 Characterization methods 
5.2.1 Substrate characterization 
5.2.1.1 Scanning electron microscope (SEM) 
A scanning electron microscope (SEM) provides sample images by scanning the 
surface with a focused beam of primary electrons (PE) of approx. 1-10 keV. A lens 
system focuses the electron beam on the sample surface to a spot of 1-10 nm in 
diameter. The information about the sample is gained by the interaction of the sample 
with the electrons. Both the interaction of the primary electrons with the surface and 
the diameter of the electron probe determine the resolution of SEM images. 
   The incident primary electron beam causes several interactions with the sample. 
Primary electrons can be scattered inelastically by interaction with atomic electrons 
generating secondary electrons (SE). Their kinetic energy is < 100 eV. They derive 
from a depth of 1 - 2 nm of the sample. The detection of SE provides the information 
of surface morphology of the sample, which is a common use of SEM. PE can also be 
scattered elastically by electrostatic interaction with atomic nuclei generating 
backscattered electrons (BSE). BSE have high kinetic energy (> 100 eV) and are 
detected at an angle of > 90°. They emerge from deeper locations within the sample. 
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Therefore the resolution of BSE images is lower than SE images. However, BSE 
images can provide information about the distribution of different elements in the 
sample, making it possible to be used in analytical SEM. 
   The gold nanoparticle (AuNP) patterned surfaces were imaged by SEM after plasma 
treatment. To prevent charging of the non-conductive sample due to electron 
irradiation, the surfaces were coated with a thin conductive layer of graphite (approx. 
10 nm) using a sputter coater (BAL- 47 Material and Methods TEC MED 020). 
Imaging was performed using Zeiss Ultra 55 SEM (Carl ZeissAG Germany) by a 
50,000X magnitude. Spacing of the gold nanoparticles was analyzed by the dot 
analyzer plugin created by Dr. Philippe Girard for ImageJ (Research Services Branch, 
Image Analysis Software, NIH, USA).  
 
5.2.1.2 Ellipsometry 
Ellipsometry measures the change in polarization when light reflects or transmits 
from a material structure. The polarization change is represented as an amplitude 
ratio, Ψ, and the phase difference, Δ. The measured response depends on the optical 
properties and the thickness of individual materials. Therefore, ellipsometry is 
primarily used to determine film thickness and optical constants of a material. 
   Light can be described as a plane wave, which consists of electric field vector E and 
wave vector k, E⊥k. k indicates the direction of light propagation. E oscillates only in 
the polarization direction after the light pass through a polarizer, so-called linear 
polarized light. The s-component Es is perpendicular to the plane of incidence, and 
the p-component Ep is parallel to the plane of incidence. When the linear polarized 
light passes through the compensator, which is set after polarizer, there will be a 
phase shift of these two components described by amplitude ratio Ψ, and the phase 
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difference Δ. After the light is reflected on the material, there will be again a phase 
shift depending on material thickness and optical properties, which is collected by 
analysator on the other side. By adjusting the angles of polarisator and analysator, the 
phase shift caused by materials is compensated via that caused by compensator. Then 
the reflected light is a linear polarized light and the intensity detected by the detector 
should be zero. This is so-called null ellipsometry. According to the ellipsometry 
equation and the angles of polarisator and analysator, Ψ and Δ can be calculated, in 
order to give the thickness and optical information of material.  
   Silicon wafers with different steps of coatings were tested by ellipsometry (M-
2000V, EC-400, J. A. Woollam). A model of Si with native oxide of 1.53 nm was 
used to fit out the thickness of silica layer coated on silicon wafer. A model of three 
layers constituted of Si, fixed SiO2 1.53 nm and PEG on top was used to fit out the 
thickness of PEG coating of different steps.  
 
5.2.2 Surface analysis 
5.2.2.1 Quartz crystal microbalance with dissipation monitoring 
(QCM-D) 
A QCM sensor consists of a thin quartz disc sandwiched between a pair of electrodes. 
The electrodes are normally made of gold, which can be coated with a wide range of 
different materials. By applying an AC voltage across the electrodes, the quartz 
crystal can be excited to oscillation due to the piezoelectric properties of quartz. The 
resonance frequency (f) of the sensor depends on the total oscillating mass, including 
solvent in the system (normally water) coupled to the oscillation. The frequency 
decreases when a thin film is attached to the sensor. If the film is thin and rigid，the 
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decrease in frequency is proportional to the mass of the film, which can be described 
by Sauerbrey relation.115 The mass of the adhering layer can be calculated as:  
∆m = – (C · ∆f)/n, C = 17.7 ng Hz-1 cm-2 for a 5 MHz quartz crystal. n = 1, 3, 5, 7 is 
the overtone number. In this way, the QCM behaves as a very sensitive balance. 
Compared with other QCMs, QCM with dissipation (QCM-D) has the advantage of 
monitoring the frequency and energy dissipation response of the freely oscillating 
sensor, thus generating results more accurately and faster. 
   In this thesis, Qsense with open module was used in both part I and part II. In part I, 
QCM-D was used to determine the reaction amount from each step of bottom-up 
strategies. The bovine serum albumin (BSA, PAA Laboratories, Inc) adsorption on Y-
shape constructed surfaces was tested by QCM-D. Qsensors with silica layer were 
cleaned and coated with silane-PEG-N3 as the protocol described in 5.1.1.3.1. 
Baseline was run either in 200 µl water or in 200 µl DMF, depending on the relative 
loading reactants. 200 µl reactants with the same concentration as described in 5.1.1.3 
were loaded for 1 hour, followed by water or DMF washing. For BSA adsorption, 
after PBS baseline was run for a short time after Y-shape construction, 200 µl 2 
mg/ml BSA in PBS was loaded followed by PBS washing. In part II, QCM-D was 
used to determine the adsorption amount of E-cadherin (R&D systems, cat. 8505-EC-
050) and fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, USA) on peptide 
immobilized Qsensors. First of all Qsensors with Au layer were cleaned as the 
protocol in 5.1.1.3.1. For peptide immobilization, the cleaned Au sensors were 
immersed in 25 µM HAV or SCR peptide in H2O for 18 hours at 4°C, as described in 
5.1.2.4. For E-cadherin adsorption, baseline was run in 200 µl PBS with 0.01 mg/ml 
CaCl2, (Sigma, Germany) in a static modulus. Then 10 µg/ml E-cadherin in PBS with 
Ca2+ was loaded onto the peptide immobilized Au sensor for 1.5 hours, followed by 
Materials	  and	  Methods	  
	   50	  
washing with the same PBS solution for three times, each time 5 minutes. Afterwards 
slides were washed by 2% Hellmanex for 30 minutes, before being washed by PBS 
three times again. For FBS adsorption, baseline was run in 200 µl PBS. Then PBS 
containing 5% FBS was loaded for 15 minutes, followed by PBS wash for three 
times. The original data was condensed and export as excel data by Q-Tools software. 
The figures show representative data from F3 and D3. 
 
5.2.2.2 Water contact angle 
The contact angle is conventionally measured through the liquid, where a liquid-vapor 
interface meets a solid surface. It quantifies the wettability of a solid surface by the 
shape of a liquid via the Young-Laplace equation. A given system of solid, liquid, and 
vapor at a given temperature and pressure has a unique equilibrium contact angle 
which reflects the relative strength of the liquid, solid, and vapor molecular 
interaction. 
   In general, if the water contact angle is smaller than 60°, the solid surface is 
considered hydrophilic and if the water contact angle is larger than 60°, the solid 
surface is considered hydrophobic.116 
   Water contact angle (Dataphysics Contact Angle system OCA, DataPhysics 
Instruments) was used to determine the wetting ability of functional surfaces in 
different steps in bottom-up coating strategies as shown above. Water dispense 
volume was 1 µl at a medium rate. Contact angle was calculated by Laplace-Young 
ﬁtting. 
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5.2.2.3 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 
spectroscopic technique that measures the elemental surface composition (except for 
H and He) and the electronic structure of a material. By irradiating a material with a 
beam of X-rays, photoelectrons are escaped from the material when atom inner 
electrons or valence electrons are excited. XPS spectra are obtained by analyzing the 
kinetic energy and number of photoelectrons escaped from the top 0 to 10 nm of the 
material. XPS spectrum is constituted by the number of the detected photoelectrons 
versus the binding energy of the related photoelectrons. Each element from the 
analyzed material exhibits specific peaks at the characteristic binding energy values. 
These peaks are related to the configuration of the atom electrons, e.g., 1s, 2s, 2p, 3s, 
etc. The amount of the elements can be analyzed by the numbers of the detected 
photoelectrons. However, the raw signal must be divided by relative sensitivity factor 
(RSF) and normalized over the analyzed elements, in order to obtain element 
percentage values.117 
   In this work, functional PEG coated surfaces were analyzed with the help of Kathrin 
Müller (Interface Analysis Service Group, MPI-IS, Stuttgart) and Michael Noeske 
(Fraunhofer IFAM, Bremen). The XPS measurements were performed on a Kratos 
system with 4 × 10−10 mbar base pressure, sample neutralization applying low energy 
electrons, hybrid mode, take off angle of electrons (0°), pass energy (160 eV), and 
excitation of photoelectrons by monochromatic Alkα radiation (hν = 1486.6 eV) at 300 
W (15 kV Å~ 20 mA). The detected region was elliptically shaped (300 µm × 700 µm 
for main axes). 
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5.2.3 Molecular synthesis analysis 
5.2.3.1 Mass spectrometry (MS) 
Mass spectrometry is a powerful analytical technique that measures the masses of 
molecules in a sample. It can be used to identify unknown molecules within a sample, 
and to elucidate the structures and chemical properties of different molecules. Mass 
spectrometry is applied to pure samples as well as complex mixtures and can be used 
in many different fields. 
   The molecules need to be first converted into gaseous ions by different ionization 
source. The ionic fragmentation may be generated from the molecules. The gaseous 
ions are then be detected according to the mass-to-charge ratio (m/z) and the relative 
abundances. The mass spectrum of molecules is further produced, by converting the 
ions into electrical signals and processing the signals from the detector that are 
transmitted to the computer. The spectrum displays the ion abundance versus m/z 
value. The structure of the original molecules can be expected from the mass of the 
ions.118 
   In this work, the reaction of BCN-RGD-DOTA 3-in-1 Y-shape molecule was 
detected with the help of Dr. Stephan Rauschenbach (Nanoscale Science Department, 
Max-Planck-Institute for Solid State Research) by a homebuilt, linear, orthogonal 
extraction Time-of-flight mass spectrometry (TOFMS). First the reaction between 
c(RGDfK)C and maleimide-DOTA-GA was detected by mixing them together with 
different equivalent ratios: 1:1.1, 1:1.5, 1:2, 1:5. The reactions were kept in DMF at 
the concentration of 0.1 mg/ml for c(RGDfK)C for 1 day. Then the solutions were 
diluted by methanol into 1.4 × 10-4 M for c(RGDfK)C. Two references of 
c(RGDfK)C and maleimide-DOTA-GA at the same concentration were also prepared. 
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Secondly the reaction between BCN-NHS and RGD-DOTA was detected by mixing 
them with different equivalent ratios: 1: 1.2, 1: 1.5, 1: 2. 2 µl TEA was added as 
catalyst in each solution. The reactions were kept in DMF at the concentration of 0.1 
mg/ml for c(RGDfK)C for 1 day, then diluted by methanol into 1.4 × 10-4 M for 
c(RGDfK)C. Another solution of BCN-NHS in the same concentration was also 
prepared as a reference.  
 
5.2.3.2 Proton nuclear magnetic resonance spectroscopy (NMR) 
Proton nuclear magnetic resonance (proton NMR, hydrogen-1 NMR, or 1H NMR) is 
a high precise technique to determine the structures of molecules, based on the 
application of nuclear magnetic resonance in NMR spectroscopy with respect to 
hydrogen-1 nuclei within the molecules. 
   Hydrogen nuclei are sensitive to the hybridization of the atom to which the 
hydrogen atom is attached and to electronic effects coming from the chemical 
environments. Upon application of an external magnetic field, these electrons in the 
environment move in response to the field and generate local magnetic fields that 
oppose the much stronger applied field. This local field thus "shields" the proton from 
the applied magnetic field, which therefore must be increased in order to achieve 
resonance. This “shielding effect” can be described by chemical shift δ, which is 
usually expressed in parts per million (ppm) by frequency.119 Nuclei tend to be 
deshielded by groups that withdraw electron density. Deshielded nuclei resonate at 
higher δ values, whereas shielded nuclei resonate at lower δ values. For instance, the 
proton peak from an aldehyde is shifted ca. 10 ppm compared to a hydrocarbon peak, 
since the carbonyl as an electron-withdrawing group deshields the proton by reducing 
the local electron density. 
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   Since simple NMR spectra are often recorded in solution, using of deuterated 
(deuterium = 2H, often symbolized as D) solvents can prevent the interference from 
solvent protons. Previously, a small amount of tetramethylsilane (TMS), typically 
0.1%, can be added into the deuterated solvents to work as an internal marker. 
Therefore only one single signal can be obtained from the protons in TMS, which is 
defined to be chemical shift δ= 0 ppm to calibrate the shifts of the analyzed 
protons.120 In a modern way, the residual proton in the solvent (e.g. the CHCl3, 0.01% 
in 99.99% CDCl3) can be used for calibration, since the TMS is volatile. 
   The shape and area of peaks are indicators of chemical structure. Software allows 
analyzing the intensity of peaks by calculating the area under a curve, which 
correlates with the number of protons of the related molecules. 
   In this work, all synthesized products in 5.1.1.2 were analyzed with the help of Dr. 
Günter Majer (New Materials and Biophysics Department, MPI-IS) and Dr. Igor 
Moudrakovski (Physical Chemistry of Solids Department, MPI-FKF) by a nuclear 
magnetic resonance spectrometer JEOL 400YH (JEOL, USA) at 300MHz. For each 
product, 600 µl of chosen deuterated solvent were used to dissolve all of the products, 
which were then transferred into NMR tube for test. The results were analyzed by 
software Delta V5.0.4. 
 
5.3 Cell experiments 
5.3.1 Cell culture 
In Part I, MC3T3 cell line and Lifeact-Madin-Darby Canine Kidney (LA-MDCK) cell 
line were used. In Part II, Lifeact-Madin-Darby Canine Kidney (LA-MDCK) cell line 
was used. MEM (Gibco, Thermo Fisher Scientific, USA) with a supplement of 10% 
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Fetal Bovine Serum (Gibco, Thermo Fisher Scientific, USA) and 1% Penicillin 
Streptomycin (Gibco, Thermo Fisher Scientific, USA) was used as a growth media 
for MC3T3 cells. For LAMDCK cells, Dulbecco’s Modified Eagle Medium + 
GlutaMAX (DMEM, Gibco, Thermo Fisher Scientific, USA) with a supplement of 
5% Fetal Bovine Serum (Gibco, Thermo Fisher Scientific, USA) and 1% Penicillin 
Streptomycin (Gibco, Thermo Fisher Scientific, USA) was used as a growth media. 
Cells were cultured at 37 °C in a humidified atmosphere with 5% CO2 and were 
harvested by 0.05% trypsin-EDTA (Gibco, Thermo Fisher Scientific, USA) treatment 
for 7 minutes for LAMDCK cells, and 5 minutes for MC3T3 cells. In the experiments 
in the presence of RGD peptide in Part II, Opti-MEM Reduced Serum Medium (Opti-
MEM,Gibco, Thermo Fisher Scientific, USA) containing 1% Penicillin Streptomycin, 
0.5% Bovine Serum Albumin (w/v) (PAA Laboratories, Inc), HEPES (Sigma, 
Germany) as a concentration of 50 mM, with final pH 7.4 was used. In all cell 
experiments, the functional surfaces in Part I and Part II were sterilized by 70% 
ethanol, and then were washed by sterilized PBS for three times. 
 
5.3.2 Cell adhesion and cell mobility 
In Part I, MC3T3 cell adhesion and LAMDCK cell adhesion experiments were carried 
out on Y-shape force sensor constructed slides. In Part II, LAMDCK cell adhesion 
experiments were carried out on different peptides immobilized surfaces. In all cell 
adhesion experiments, a cell density of 4000/cm2 was used. After 1 hour and 4 hours 
of culturing, cells were imaged. 
   Cell mobility experiments were carried out in Part II. The peptide immobilized 
slides were glued onto 6-well plate by picodent twinsil speed22 before sterilization. 
Then a density of 3333/cm2 of LAMDCK cells was loaded onto slides.  
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5.3.3 Cell monolayer experiments 
Cell monolayer experiments were performed in Part II. The wells of 96-well plates 
were first coated by 20 µg/ml fibronectin in PBS. 0.05 million LAMDCK cells were 
seeded into each well. The cells were cultured for 18 hours in growth medium DMEM 
until cell monolayers were formed. Then they were incubated with 4 mM ethylene 
glycol tetraacetic acid (EGTA, Sigma, Germany) in 50 mM HEPES buffer for 30 
minutes, in order to disrupt the cell-cell contact of the monolayer. After washed by 
PBS, the treated monolayers were incubated with 0.5 mM HAV or SCR peptide in 
growth medium. 
 
5.3.4 Cell clusters 
Cell cluster experiments were performed in Part II. To prepare cell clusters, cells were 
seeded in 6-well plate with peptide functional slides in a density of 0.06 million/cm2 
and cultured till the size of cell clusters reached 30-60 cells per cluster. It normally 
required 4-5 hours. The clusters were then imaged under microscope and the 
circularity of the cells in clusters was analysed by ImageJ. The cells on the border of 
the clusters were excluded from analysis. 
 
5.3.5 Traction force microscopy 
Traction force microscopy was performed in Part II. In 35 mm petri-dish containing 
peptide immobilized PAAm hydrogel with fluorescent microbeads embedded, 3 ml 
LAMDCK cell medium was added. Cells were harvested and loaded onto the gel in 
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dish by a density of 3333/cm2. Then the gel with cells loaded was incubated until the 
cells started to spread. CO2 and temperature on fluorescence microscope was opened 
the night before. Dish was then put into the microscope incubator and fixed by rubber 
band. A time-lapse program imaged cells and beads separately. Finally, cell medium 
was taken out, cells were washed by warm PBS without touching the microscopy 
stage. After treated by warm trypsin for at least 15 minutes, cells were washed off by 
warm PBS. Images at the same positions were taken, regarded as reference images 
without cell force.  
 
5.4 Biochemistry methods 
5.4.1 Fibronectin adsorption 
In Part I, fibronectin non-specific adsorption was performed to confirm the anti-
fouling effect of silane-PEG-N3 coated surface. The silane-PEG-N3 coated surface 
was incubated by 118 µg/ml fluorescein isothiocyanate (FITC) labeled fibronectin at 
room temperature for 0.5 hour avoiding light. A bare glass slide was tested as well by 
the same procedure as a reference. Images were acquired on Axiovert 200 M - Carl 
Zeiss Microscope. 
 
5.4.2 Inhibition experiments 
Inhibition experiments were carried out in Part II. To block HAV-induced cell 
adhesion, 20 µl of 8 mg/ml HAV or SCR in H2O solution was added into 2 ml Opti-
MEM right after loading LAMDCK cells on peptide immobilized slides. To block E-
cadherins on cell surface, cells in culture were first washed by PBS, and then 
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incubated with 0.5 mM EDTA (Sigma, Germany) in PBS solution for 10 minutes to 
impair cell-cell contact. Cells were subsequently harvested by trypsin treatment for 
less than 3 minutes. A part of the harvested cells was incubated with 10 µg/ml anti-E-
cadherin (ab11512, Abcam) on ice for 15 minutes. The rest cells were incubated on 
ice without any antibody for 15 minutes as a control group. After adding cells onto 
respective samples, the antibody blocking samples were further treated by anti-E-
cadherin in 10 µg/ml for constant blocking. For blebbistatin inhibition experiments, 
10 µM blebbistatin (Sigma, Germany) was added into the cell culture media. 
 
5.4.3 Immunostaining 
In Part II, immunostaining was used to visualize focal adhesions and adherens 
junctions in cells. LAMDCK cells were loaded onto sample surface by a density of 
2000/cm2 in 6-well plate, and fixed after 4 hours of incubation by 4% 
paraformaldehyde (Sigma, Germany) at room temperature for 15 minutes. Fixed 
samples were then washed three times with PBS. Afterwards cells were treated by 
0.25% (v/v) Triton-X 100 (Sigma, Germany) in PBS for 10 minutes at room 
temperature for permeabilization and washed three times with PBS to remove the 
detergent. Then non-specific antibody binding was blocked by incubating the samples 
with 1% (w/v) Bovine Serum Albumin (BSA) in PBST (0.1% v/v Triton-X 100 in 
PBS) at room temperature for 45 minutes and washed briefly with PBST. Next, the 
samples were incubated with the primary antibody diluted in PBST with 1% BSA for 
1 hour at room temperature and washed twice with PBST then three times with PBS. 
After that, samples were incubated with the secondary antibody diluted in PBST with 
1% BSA for 1 hour at room temperature and washed twice with PBST then three 
times with PBS. Finally samples were transferred to glass bottom well-plate upside-
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down in PBS with 1% Penicillin Streptomycin and 1 µg/ml DAPI. 
Immunofluorescence images were acquired on Axiovert 200 M - Carl Zeiss 
Microscope. 
   Primary antibodies used were 1:50 mouse anti-vinculin (v9131, Sigma-Aldrich), 
1:100 rat anti-E-cadherin (ab11512, Abcam), and 1:50 mouse anti-β-catenin (610154, 
BD Pharmingen). Secondary antibodies used were 1:500 Alexa Fluor 568 linked anti-
mouse IgG (A11031, Thermo Fisher Scientific) and 1:500 Alexa Fluor 647 linked 
anti-rat IgG (A21247, Thermo Fisher Scientific). 
 
5.4.4 SDS-PAGE and western blot 
In Part II, western blot was used to quantify analyze the protein expression within 
LAMDCK cells on different peptide immobilized samples. Prior to western blot, 
SDS-PAGE with  8% acrylamide, 1 mm spacer was fabricated. Two clean glass slides 
(one with spacer 1 mm and a smaller one without) were mounted in fixing device, 
with smaller glass in front. The bottom was kept straight and sealed with 1 cm wide 
parafilm. A mark was made at clamp for separating gel. Then glasses with fixing 
device were put into a pouring device, with smaller glass in front. Afterwards all 
components for separating gel were pipetted together according to table 5.4.1. 
Solution was mixed carefully to avoid generating bubbles. When TEMED was added, 
the mixture was immediately filled into the gap between glasses till mark (about 5 ml 
per gel). 200 µl isopropanol was put on top of the solution to remove the bubbles. It 
required 30 minutes for sufficient polymerization at room temperature. Then most of 
the isopropanol was then removed by tissue paper and the trace rest could be 
evaporated. Components of collecting gel were then pipetted together according to 
table 5.4.2. When TEMED was added, mixture was filled on top of separating gel. A 
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pocket device with 1 mm spacer was immediately inserted into the gel between glass 
slides. 
 
 Table 5.4.1 Components for 8% separating gel 
Gel 
concentration 
Milli Q water 
(ml) 
30 % acrylamide 
(ml) 1.5 M Tris (ml) 
8 % 9.3 5.3 5 
 
Table 5.4.2 Components for 5% collecting gel 
Gel 
amount 
(ml) 
Milli Q 
water 
(µl) 
30 % 
acrylamide 
(µl) 
1 M 
Tris 
(µl) 
10 % 
SDS 
(µl) 
10 % 
APS 
(µl) 
TEMED 
(µl) 
8  5500 1300 1000 80 80 8 
 
 
   In order to extract total cell proteins, LAMDCK cells of density 12000/cm2 were 
seeded onto samples in 12-well plate. After incubation in Opti-MEM for 5 hours, cell 
medium was removed and cells were lysed without washing by Pierce RIPA buffer 
with supplements of Halt Protease&Phosphatase inhibitor and EDTA at mixed ratio 
100:1:1 (Thermo Fisher Scientific, USA) on ice for 5 minutes. Each sample was 
covered completely by 50 µl buffer solution. Then each slide was scratched by a 
scraper and all the liquid was collected into eppendorf tubes then centrifuged in 16 rcf 
for 15 minutes at 4°C to remove the unsolved impurities. Proteins in cell lysates were 
colored by Quickstart Bradford Dye Reagent (BIO-RAD, Germany), and the relative 
concentration was tested by Tecan Infinite M200 Plate Reader. Afterwards, all 
samples were adjusted to contain identical concentrations by diluting with RIPA 
buffer.  
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   Then western blot analysis was carried out according to the procedure described in 
the following. 20 µl sample (cell lysate) was mixed with 20 µl 2X Laemmli sample 
buffer (constituted by 2X 90 µl Laemmli buffer and 25 µl DTT). The sample mixture 
was heated for 5 minutes at 95 °C and kept on ice until loading. At the same time gel 
apparatus was prepared by putting gel into gel holder and fill basin with 1X Laemmli 
buffer. The pocket device was removed. 39 µl sample mixture was then loaded into 
each pocket of the gel. 5 µl of molecular weight marker (26619, Thermo Fisher 
Scientific) was added into the first well. Gel was run at 130 V for roughly 1 hour until 
the lowest molecular weight coming down. While it was running, new transfer buffer 
was prepared according to table 5.4.3. Then gel was equilibrated in transfer buffer for 
10 minutes on the shaker to remove detergent. Nitrocellulose membrane was also 
equilibrated for 10 minutes, soak sponges (X2) and filter pater (X2) as well. Cassette 
was assembled as following: black side of cassette, sponge, filter paper, gel, 
nitrocellulose membrane, filter paper, sponge, clear side of cassette. Cassette was 
folded and placed in rack, together with ice tray. Transfer buffer was added in order to 
cover membranes completely. The gel with nitrocellulose membrane was run at 100 V 
for about 1 hour. At the same time 500 ml blocking buffer was prepared according to 
table 5.4.4. After running at 100 V, proteins were transferred onto nitrocellulose 
membrane. The transferred proteins were confirmed by incubating with 1 M Poucau 
in 0.1 % acetic acid for 5 minutes. Nitrocellulose membrane was then cut out 
according to locations of different molecular weight of different proteins. The pieces 
were put in blocking buffer for 1 hour in the cold room. Then they were washed for 3 
times in washing buffer PBST for 5 minutes for each. Primary antibodies were diluted 
into 5 ml filtrated BSA/PBST buffer, and the membranes were immersed in it for 
overnight on shaker at 4ºC. On the second day they were washed for 3 times in 
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washing buffer PBST for 5 minutes for each. Secondary antibodies were diluted into 
5 ml filtrated BSA/PBST buffer, and the membranes were placed inside for 1-2 hours 
on shaker at room temperature. The membranes were finally washed for 6 times in 
washing buffer PBST for 5 minutes for each. The primary antibodies and secondary 
antibodies used are listed in table 5.4.5. 
Table 5.4.3 Components for transfer buffer 
Tris 
(g) Glycine (g) 
Methanol 
(ml) Distilled water (ml) 
3.03 14.4 200 400 
 
Table 5.4.4 Components for blocking buffer 
1 M Tris pH 7.44 
(ml) 
NaCl 
(g) 
Tween 20 
(µl) 
Nonfat milk 
(g) 
Distilled water 
(ml) 
12.5 4.383 500 5 487.5 
 
Table 5.4.5 Antibodies used in western blot analyze 
Antibody types Sources Dilution ratios 
Primary antibodies 
rabbit  anti-E-cadherin Sc-7870, Santa Cruz Biotechnology 1:1000 
mouse anti-β-catenin 610154, BD Pharmingen 1:500 
mouse anti-β1-integrin 610468, BD Biosciences 1:2000 
rabbit anti-β3-integrin AB1968, Merck Millipore 1:1000 
mouse anti-β-actin A1978, Sigma-Aldrich 1:2000 
Secondary antibodies 
anti-rabbit HRP-conjugated 
IgG 
7074, Cell Signaling 
Technology 1:2000 
anti-mouse HRP-conjugated 
IgG 
7076, Cell Signaling 
Technology 1:2000 
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   Chemiluminescence was detected by Fujifilm LAS-3000 Imager and associated 
with Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare). 
The detection solution ECL Plus Detection Kits was first equilibrated at room 
temperature for 20 minutes. Then component A (luminol) and component B (peroxide) 
were mixed together in a ratio of 1:1 to a working solution of 5 ml. The excess wash 
buffer from the washed membranes was drained and membranes were placed together 
in a suitable box with proteins side up. Detection reagent was added onto the 
membrane, making sure the membrane was completely covered by it. The membrane 
was incubated by detection reagent for 5 minutes at room temperature in dark. Then 
excess detection reagent was drained off by holding the membrane edge gently 
against a tissue. The membrane with proteins side up was put onto a sample tray, 
which was then placed in Fujifilm LAS-3000 Imager with a CCD camera. Suitable 
function and exposure time were selected, in order to get proper images of protein 
bands. ImageJ was used to determine the intensity of E-cadherin, β-catenin, β1-
integrin, β3-integrin, and β-actin bands. 
 
5.5 Cell imaging and data analysis 
5.5.1 Cell imaging 
MC3T3 cell adhesion images and LAMDCK cell fluorescence images were taken 
under Axiovert 200 M - Carl Zeiss. LAMDCK cell mobility time-lapse images were 
taken by the same microscopy under 10X objective in time-lapse program. The 
microscopy was equipped with a homebuilt incubation chamber for constant 
temperature of 37 °C and 5% CO2 pressure. LAMDCK cell traction force microscopy 
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images were taken by the same microscopy in time-lapse program as well, under 20X 
objective. Cells and microbeads beneath were focused and imaged separately.  
 
5.5.2 Image processing and data analysis 
All images were processed by ImageJ software. Brightness and contrast of 
microscopy images were adjusted for the presentation. The software was further used 
to measure cell area in phase contrast images and to quantify bands of western blots. 
Cell velocity was analyzed by a manual tracking plugin, cell detach ratio was 
obtained by counting the contact times and detach times of all cells within a video. In 
traction force microscopy, fluorescence beads images were first aligned by template 
matching plugin. The displacement field in a spread cell region was subsequently 
calculated by a particle image velocimetry (PIV) plugin. The obtained result was 
reconstructed by the Fourier transform traction cytometry (FTTC) plugin, in order to 
generate traction force field as a vector plot. Background subtraction was applied on 
the images using the mean intensity of a selected ROI (region of interest) and 
subtracting the obtained value from each pixel within the image. 
   Data were analyzed by GraphPad Prism 7. Statistical significance was evaluated 
through unpaired t test with Welch’s correction where explicitly stated (significant 
value with p < 0.05). All plotted data show mean values with standard deviations 
calculated from at least 3 independent experiments (samples in duplicates or 
triplicates). 
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5.6 Relaxation measurement and data analysis 
NV spin relaxation measurements were performed in collaboration of Prof. 
Wrachtrup’s group (3. PhysikalischesInstitut, Stuttgart University). Two electronic 
grade (Element 6) diamond membranes with 2.5 keV and 4 keV nitrogen implantation 
(dose ~ 1013 N+/cm2) were prepared in Prof. Wrachtrup’s group. After each 
measurement, the diamond was washed in saturated NaOH solution at 80ºC for 
overnight, and then washed by strong acid solution for reuse. The diamond 
membranes were all glued with PDMS on 70 µm thick coverslip (with the NV 
proximal side facing the air) before further surface functionalization. The 1st 
relaxation measurement was performed on NV diamond immobilized with PEG chain 
and chelator DOTA as a linear shape, LC-2 (DOTA), as described in 5.1.1.3.1. Gd3+ 
ions were loaded by incubating the diamond membrane in 2 mg/ml GdCl3*6H2O 
water solution for 8 hours. Then relaxation measurements were performed in 
sequence of in ambient condition, in water, in isopropanol, and again in ambient 
condition. Three relaxation measurements were performed on Y-shape force sensor 
constructed by different strategies on diamond membranes, as described in 5.1.1.3. 
The Y-shape force sensor constructed diamond membranes were loaded by Gd3+ ions, 
washed by 0.1 mM EDTA water solution for about 1 hour to remove the trapped Gd3+ 
ions in PEG chains. Then they were sterilized by 70% ethanol, washed with PBS for 3 
times and loaded with MC3T3 cells in a density of 4000/cm2. After incubation for 4 
hours, they were performed with relaxation measurements.  
   Specially, the relaxation measurements were carried out in Prof. Wrachtrup’s lab 
using a wide-field quantum diamond microscopy as shown in figure 5.6.1. The 532 
nm laser (Verdi 5W, Coherent) with 2 W power was focused on the acousto-optical-
modulator (AOM, Crystal Technology). The laser light can be switched in ~ns scale 
Materials	  and	  Methods	  
	   66	  
with an extinction ratio of 48 dB. When the laser was focused onto the back-focal 
plane of the oil objective (100X, NA=1.49, Olympus), the wide-field illumination 
could be achieved. The fluorescence from excited NVs was spectrally filtered (LP650, 
Omega) and finally detected by 512 × 512 EM-CCD camera (CascadeII, 
RoperScientific) cooled at -80 ºC. Finally an effective pixel size of ~115 nm was 
yielded. 
 
Figure 5.6.1 Wide-field quantum diamond microscopy. 
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6 Results and Discussion 
6.1 Part I: Nitrogen-Vacancy (NV) diamond based force 
sensor for cell adhesion study 
Nitrogen-vacancy (NV) centers are spin defects existing in diamond lattice. Because 
of their spin-dependent photoluminescence, NV centers can work as prospective 
quantum sensor, which provides imaging with atomic resolution.121 The NV center 
consists of a substitutional nitrogen atom and an adjacent lattice vacancy and is 
oriented along the direction in the diamond lattice. The negative charged NV centers 
(NV-) has been widely applied in sensing and quantum technologies due to its optical 
and electronic properties. The electronic structure of NV- center possesses a sharp 
optical zero-phonon line for fluorescence and broad vibronic side bands. In particular, 
the NV centers has long coherence time in the range of ms at ambient conditions. In 
addition, the NV centers is photostable when subjected to intensive illumination. The 
NV centers can either exist in nanodiamond or bulk diamond modalities.  
   The NV spin relaxation time (e.g., T1) is sensitive to surrounding magnetic noise, 
thus such noise occurring at the spin transition frequency can be quantified through 
NV relaxometry. For instance, when paramagnetic Gd3+ ions are closed to NV- center 
in diamond, the T1 relaxation time rapidly decays. This is because the gigahertz 
fluctuations of the Gd3+ ions (S=7/2) as strong magnetic noise has an dominant effect 
on NV center.121 
   Nanodiamond (ND) with NV centers, considered as stable fluorescence biomarkers, 
has been widely used in biosensing applications. It has additional unique advantage 
from its nano properties. However, ND requires surface functionalization to achieve 
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better colloidal stability and covalently attachment of varieties of biomolecules as 
well, after being fabricated with NV centers.122 NDs obtained by high-pressure high-
temperature method normally need to be treated by strong acid, rendering carboxyl 
groups rich surface. Then the carboxyl groups can be converted into different 
functional groups as required. For example, by specific reactions, the carboxyl groups 
can be converted into acid chloride groups, hydroxyl groups, or amino groups. The 
surface properties of NDs can also be modified by biopolymer coatings or silica 
coatings. Surface functionalization of NDs provides the way to conjugate 
antibodies,124 DNA,124 enzymes,125 and some other functional proteins,126 which 
renders the possibilities of diamond sensing in living biological systems. NDs have 
been used as magnetic resonance imaging (MRI) reagents and drug delivery 
systems.127-135 When cell ligands are immobilized on NDs surfaces, the NDs can be 
targeted to living cells for cell adhesion study.  
   In this chapter, Y-shape force sensor was constructed on Nitrogen-Vacancy (NV) 
diamond surface for cell adhesion force study. Three essentials are required: (1) 
adhesive peptides which induce specific cell adhesion on the surface; (2) metal ions 
which result relaxation time (T1) change by spin-spin coupling with NVs in diamond; 
(3) elastic spring which connect the metal ion and NVs. When NV diamond surface 
constructed by this Y-shape force sensor is loaded by cells, adhesive peptides induce 
strong cell adhesion, through which traction force subsequently exerts along the 
elastic spring. The deformation of elastic spring under force render a distance change 
between metal ion and NVs. This results in a change of relaxation time (T1), which 
can be detected by a wide-field setup. In this project, arginylglycylaspartic acid (RGD) 
peptide was chosen as an adhesive peptide motif to analyze the force of integrin-based 
adhesion. RGD is the most common peptide motif to mimic extracellular matrix 
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(ECM) for cell adhesion.136 By functionalizing the surface with RGD peptide, cell 
adhesion proteins integrins specifically recognize and bind to this sequence, resulting 
in a strong cell adhesion on the surface. For generating effective T1 signal, 
gadolinium was chosen. Gadolinium is a chemical element with symbol Gd and 
atomic number 64. Its electron configuration is [Xe]4f7 5d1 6s2. In the great majority 
of its compounds, gadolinium adopts the oxidation state +3. Gd3+ ion, as paramagnetic 
ions, has 7 unpaired electrons in outer shell, rendering itself a high spin species. 
Therefore it is expected to exhibit strong interactions with NVs in diamond resulting 
in significant changes of relaxation time T1. Gd3+, like most lanthanide ions, forms 
complexes with high coordination numbers. Chelating agent DOTA, an octadentate 
ligand was chosen as a proper carrier of Gd3+ in this Y-shape force sensor system.137 
Furthermore, the relaxation time T1 is sensitive to the distance between Gd3+ and NVs. 
Therefore polyethylene glycol (PEG) with different molecular weight was used in this 
project as an elastic spring to connect Gd3+ and NVs. PEG is very commonly used as 
biocompatible material getting in contact with cells. It is chemically stable and 
biocompatible at the environment of cell experiments.138 At the same time, PEG chain 
is relative elastic and easy to be modeled. Therefore, in this project, RGD peptide, 
Gd-DOTA, and PEG macromolecule were designed to react together through 
functional groups, and be immobilized onto NV diamond surface by different 
strategies, in order to achieve optimized Y-shape force sensor. A scheme illustrating 
the final structure of Y-shape force sensor is shown in figure 6.1.1. 
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Figure 6.1.1 Y-shape NV diamond based force sensor. NV diamond was first 
coated with a thin silica layer, and then immobilized with functional PEG chains. 
RGD peptide was immobilized together with metal ion Gd3+ onto NV diamond 
surface through functional PEG chain. 
 
6.1.1 Cell-mimetic microbeads on NV diamond 
In order to simulate Gd3+-NV distance change during cell adhesion on diamond 
surface, microbeads containing Gd3+ ions were immobilzied on NV diamond surface. 
By binding microbeads on the surface through PEG chains, the distance change 
resulted T1 change can be modulated by controlling the liquid flowing speed in a flow 
chamber, where the NV diamond was set. The immobilizing of microbeads was first 
tested on glass slides coated with PEG molecules prior to NV diamond.  
   Figure 6.1.2 shows the binding results of 6 µm microbeads onto PEG surfaces 
through different functional groups. Both beads A and beads B have active amine 
groups on the surfaces. Beads B were further modified by BSA, which also contains 
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amine groups. In groups 1 and 2, beads A/B were reacted with BCN-NHS firstly, and 
then bound onto PEG-N3 surface and PEG-OMe surface (for comparison) 
respectively. There were slightly more beads bound onto PEG-N3 surface in group 1, 
due to the strain-promoted alkyne-azide cycloadditions (SPAAC) click reaction.139 
There was almost no difference between beads A and beads B binding amount. In 
groups 3 and 4, beads A/B with amine groups were bound to PEG-NHS surface and 
PEG-N3 surface (for comparison) respectively. However, in these two groups, there 
were very little microbeads bound on surfaces. As the results, reacting BCN-NHS 
modified beads A/B onto PEG-N3 surface can be selected as the proper way of 
immobilizing the microbeads onto NV diamond surface. 
 
 
 
Figure 6.1.2 Representative images of microbeads immobilized on PEG surfaces. 
There were slightly more BCN-NHS functional beads A/B bound onto PEG-N3 
surface in group 1, compared with other groups. There was no significant difference 
between beads A and beads B binding. 
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6.1.2 Preparation of Y-shape force sensor on NV diamond 
6.1.2.1 Silica coating 
In order to process cell adhesion study on nitrogen-vacancy (NV) diamond, diamond 
surface needs to be functionalized by a Y-shape force sensor containing three 
elements: RGD peptide, gadolinium chelator DOTA together with Gd3+, and polymer 
PEG which functions as an elastic spring when cell force exerts.  
   NV diamond surface is treated by strong acid, generating carboxyl/hydroxyl groups 
and other oxidized groups on the surface. However, the amount of active groups on 
diamond surface is still far from enough to generate a functionalized monolayer. Thus 
further functionalization is required to construct Y-shape force sensor.  In this work, a 
crosslinked thin silica (SiO2) layer was constructed firstly on acid-treated diamond 
surface. Further stable functionalization was then achieved through silane coupling 
agents. The SiO2 layer should fulfill two requirements: on one hand they should be 
stable enough for further functionalization; on the other hand, the SiO2 layer should 
be as thin as possible to achieve strong signal between Gd3+ and NVs for latter 
relaxation T1 tests. Thin homogeneous SiO2 layers were prepared by two methods: 
method a and method b shown below. 
   First, thin SiO2 layers were obtained by Stöber method as method a,140 constituting 
of two steps. In the first step, (3-Aminopropyl)triethoxysilane (APTES) was adsorbed 
onto the negative charged surface through amine groups. In the second step, tetraethyl 
orthosilicate (TEOS) was added for hydrolysis and condensation in the present of 
25% ammonia solution as catalyst. The molecular structures are shown in figure 6.1.3. 
By adjusting the coating parameters, e.g. concentration of APTES and TEOS, and the 
coating time of the 2nd step, SiO2 layers of different thickness were achieved as shown 
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in table 6.1.1. At high concentration of APTES and TEOS (4 times more than the 
condition of low concentration), SiO2 layer with thickness ~30 nm was achieved by 
coating TEOS for 1 hour, which was measured by ellipsometry. However, this is too 
thick for effective sensing of Gd3+ with NVs. At low concentration, the thickness of 
SiO2 layers was controlled by coating time of TEOS in the 2nd step. SiO2 layer of ~1.5 
nm was achieved by coating TEOS for 1 hour, SiO2 layers with thickness ~5 nm and 
~10 nm were achieved by coating TEOS for 2 and 3 hours, respectively. Since cell 
adhesion studies are performed in aqueous condition, SiO2 coating has to be stable in 
aqueous environment. However, SiO2 coatings achieved by this method a were not 
stable enough in PBS as shown in table 6.1.2. After being immersed in PBS for 3 
days, SiO2 coatings with different thickness did not exist any more.  
 
 
Figure 6.1.3 Molecular structures of (3-Aminopropyl)triethoxysilane (APTES)  
and tetraethyl orthosilicate (TEOS)  
 
Table 6.1.1 Silica layer thickness obtained by method a 
 High concentration Low concentration 
Duration of 2nd step 1 h 1 h 2 h 3 h 
Ellipsometry (nm) 30.56 1.43 5.39 9.74 
APTES TEOS 
Results	  and	  Discussion	  -­‐	  Part	  I.	  NV	  diamond	  
	   74	  
 
 
Table 6.1.2 Thickness of SiO2 layer by method a before and after immersing in 
PBS  
Coating time Thickness right after coating (nm) 
Thickness after in PBS 3 d 
(nm) 
1 h 1.09 0.27 
2 h 5.07 0.02 
3 h 12.15 0.05 
 
 
   Method b is an improved method based on method a. 1,2-bis(triethoxysilyl)ethane 
(BTSE) was used additionally in the 2nd step for more efficient intralayer crosslinking, 
in order to achieve stable SiO2 layer. The molecular structure is shown in figure 6.1.4. 
The thickness of SiO2 layer was also controlled by coating time of TEOS and BTSE 
in 2nd step as shown in table 6.1.3. These SiO2 coatings were stable after being 
immersed in PBS for three days, but the thickness slightly decreased after being 
immersed for 2 or 4 weeks. The thinner SiO2 coating exhibited better stability in PBS. 
Therefore, the thickness of ~2 nm was considered as a proper thickness for further 
functionalization. On one hand, it is stable enough; on the other hand, it is thin and 
homogeneous according to ellipsometry results.  
   Since the NV diamond is not easy to be fabricated, the reuse should be considered. 
A proper cleaning method is required to remove SiO2 coating, and at the same time, it 
should be safe for NVs in diamond. By immersing in saturated NaOH solution at 
80°C for 12 hours, SiO2 coatings of different thickness were washed away completely, 
as shown in table 6.1.4.  
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Figure 6.1.4 Molecular structure of 1,2-Bis(triethoxysilyl)ethane (BTSE) 
 
Table 6.1.3 Thickness of SiO2 layer by method b and after immersing in PBS 
Coating 
time 
Thickness 
right after 
coating (nm) 
Thickness 
after in PBS 3 
d (nm) 
Thickness 
after in PBS 2 
weeks (nm) 
Thickness 
after in PBS 4 
weeks (nm) 
1 h 1.01 1.07 0.96 0.96 
1.5 h 2.00 1.95 2.10 1.83 
2 h 2.74 2.40 2.08 1.70 
3 h 4.02 3.20 2.95 2.55 
 
 
Table 6.1.4 Silica layer thickness after NaOH treatment 
Original SiO2 
thickness (nm) 
SiO2 thickness 
after treated in 
NaOH 6 h 
SiO2 thickness 
after treated in 
NaOH 12 h 
SiO2 thickness 
after treated in 
NaOH 24 h 
30.56 1.13 0 - 
1.43 - - 0 
 
 
BTSE 
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6.1.2.2 Multi-step synthesis of Y-shape force sensor 
Three different functional silane-PEG macromolecules were synthesized in this part, 
in order to achieve different constructions on SiO2 coated diamond surface for 
different cell adhesion study.  
   First, a linear functional PEG molecule (EtO)3Si-PEG-DOTA without RGD peptide 
was synthesized by method a constituting of three steps as shown in figure 6.1.5. 
Boc-NH-PEG-NH2 with molecular weight 3000 Dalton was chosen to react with 
BCN-DOTA-GA as the 1st step. Statistically, one of the four carboxyl groups from the 
chelator was activated by EDC, subsequently attacked by amine group from the 
polymer to form amide bond. LS (A)-1 Boc-NH-PEG-DOTA was obtained, the 
1HNMR result is shown in figure 6.1.6. The peaks of BCN-DOTA-GA were detected 
by NMR and the grafting ratio was ~50%. In the 2nd step, Boc-protected amine groups 
were reversed into amine groups with the help of hydrochloride solution. LS (A)-2 
NH2-PEG-DOTA was obtained, and the 1HNMR result is shown in figure 6.1.7. The 
Boc peak could not be detected in NMR, indicating successful deprotection of Boc 
groups. The Boc groups were almost completely removed. In the 3rd step, the terminal 
amine group from NH2-PEG-DOTA reacted with isocyanate group from (EtO)3-Si-
NCO in the present of TEA as a catalyst. LS (A)-3 (EtO)3Si-PEG-DOTA was 
obtained, the 1HNMR result is shown in figure 6.1.8. The peaks of ethyl groups in 
silane were detected by NMR and the grafting ratio was ~82%.  
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Figure 6.1.5 Linear functional PEG molecule (without RGD peptide) synthesis 
by method a 
 
 
LS (A)-1 
LS (A)-2 LS(A)-3 
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Figure 6.1.6 1HNMR result of LS (A)-1 Boc-NH-PEG-DOTA. Boc-NH-PEG-
DOTA (Yield: 87%) 1H NMR (300 MHz; D2O): δ = 4.15-4.00 (OCOCH2CH, of 
BCN); 3.82-3.46 (PEG backbone); 3.46-2.75 (CH2CCCH2 of BCN, and 
CHCH2CH2CONH of DOTA, and (CH2CH2)4 of DOTA ring); 2.45-1.45 
(CH2CHCHCH2 of BCN ring, and OCONHCH2CH2NHOCO of BCN-DOTA-GA); 
1.33 ((CH3)3, of Boc); 0.94-0.80 (CHCHCH, of BCN) ppm. 
 
 
Figure 6.1.7 1HNMR result of LS (A)-2 NH2-PEG-DOTA. NH2-PEG-DOTA 
(Yield: 80%) 1H NMR (300 MHz; D2O): δ = 3.70-3.48 (PEG backbone); 3.45-2.75 
(CH2CCCH2 of BCN, and CHCH2CH2CONH of DOTA, and (CH2CH2)4 of DOTA 
ring); 2.55-1.40 (CH2CHCHCH2 of BCN ring, and OCONHCH2CH2NHOCO of 
BCN-DOTA-GA); 1.15-0.60 (CHCHCH, of BCN) ppm. 
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Figure 6.1.8 1HNMR result of LS (A)-3 (EtO)3Si-PEG-DOTA. (EtO)3Si-PEG-
DOTA (Yield: 85%) 1H NMR (300 MHz; THF-D8): δ =4.00-3.45 (PEG backbone 
and (CH3CH2O)3Si); 3.40-2.90 (CH2CCCH2 of BCN, and CHCH2CH2CONH of 
GA, and (CH2CH2)4 of DOTA ring); 2.00-0.30 (CH2CHCHCH2 of BCN ring, and 
OCONHCH2CH2NHOCO of BCN-DOTA-GA, and CHCHCH of BCN); 0.05 
(Si(OCH2CH3)3, of (EtO)3Si) ppm. 
 
   Another method of one-step method b was also developed for synthesizing 
(MeO)3Si-PEG-DOTA as shown in figure 6.1.9. (MeO)3Si-PEG-N3 with MW 3000 
Dalton directly reacted with BCN-DOTA-GA by high effective click chemistry 
SPAAC. LS (B) (MeO)3Si-PEG-DOTA was obtained, and the 1HNMR result is 
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shown in figure 6.1.10. The peaks of BCN-DOTA-GA were detected by NMR and 
the grafting ratio was >95%. Compared with method a, this method b is a much more 
effective and simple way to synthesis linear functional PEG molecule without RGD 
peptide, silane-PEG-DOTA. 
 
 
Figure 6.1.9 Linear functional PEG molecule (without RGD peptide) synthesis 
by method b 
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Figure 6.1.10 1HNMR result of LS (B)-3 (MeO)3Si-PEG-DOTA. (MeO)3Si-PEG-
DOTA (Yield: 82%) 1H NMR (300 MHz; MeOD): δ =4.20-4.09 (CHCH2OCO, of 
BCN); 3.88-3.74 (OCH2CH2N3, of PEG); 3.74-3.57 (PEG backbone backbone and 
(CH3O)3Si); 3.54-3.40 ((CH2COOH)3, of DOTA); 3.00-1.15 (CH2CCCH2 of BCN, 
and CHCH2CH2CONH of DOTA, and (CH2CH2)4 of DOTA ring, and 
CH2CHCHCH2 of BCN ring, and OCONHCH2CH2NHOCO of BCN-DOTA-GA, 
and (MeO)3SiCH2CH2CH2, of PEG); 1.10-1.00 (CHCHCH of BCN); 0.65-0.50 
((MeO)3SiCH2CH2, of PEG) ppm. 
 
   RGD and DOTA functionalized Y-shape PEG molecule was synthesized by two 
steps as shown in figure 6.1.11. (MeO)3Si-PEG-N3 with MW 3000 Dalton first 
reacted with BCN-NHS by SPAAC, subsequently the NHS group reacted with amine 
group on cysteine from cyclic(RGDfK)C in the presence of TEA. These two reactions 
were performed in one-pot. YS-(1+2) (MeO)3Si-PEG-RGD was obtained. The 
1HNMR result is shown in figure 6.1.12. The peaks of RGD were detected by NMR 
and the grafting ratio was >95%.  Then maleimide group from maleimide-DOTA-GA 
reacted with thiol group on cysteine from (MeO)3Si-PEG-RGD in the presence of 
TEA. YS-3 (MeO)3Si-PEG-(RGD+DOTA) was then obtained. The 1HNMR result is 
shown in figure 6.1.13. The peaks of DOTA were detected by NMR and the grafting 
ratio was ~40%.  
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Figure 6.1.11 Y-shape functional PEG molecule synthesis 
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Figure 6.1.12 1HNMR result of YS-(1+2) (MeO)3Si-PEG-RGD. (MeO)3Si-PEG-
RGD (Yield: 70%) 1H NMR (300 MHz; MeOD): δ =7.30-7.10 (C6H5, of 
phenylalanine in RGD); 4.70-4.00 (CHCH2OCO of BCN, and 
HNCH(CH2SH)CONH of cysteine in RGD, and RGD backbone); 3.90-3.75 
(OCH2CH2N3, of PEG); 3.70-3.55 (PEG backbone and (CH3O)3Si); 3.10-3.00 
(CHCH2C6H5, of phenylalanine in RGD); 3.00-2.00 (CH2CCCH2 of BCN, and 
CHCH2COOH of aspartate in RGD, and CHCH2SH of cysteine in RGD); 2.00-0.80 
(CHCHCH of BCN, and CH2CHCHCH2 of BCN ring, and (MeO)3SiCH2CH2CH2 
of PEG, CHCH2CH2CH2CH2NHCO of lysine in RGD, and CHCH2CH2CH2NH of 
arginine in RGD); 0.6 ((MeO)3SiCH2CH2, of PEG) ppm. 
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Figure 6.1.13 1HNMR result of YS-3 (MeO)3Si-PEG-(RGD+DOTA). (MeO)3Si-
PEG-(RGD+DOTA) (Yield: 75%) 1H NMR (300 MHz; MeOD): δ =7.30-7.10 (C6H5, 
of phenylalanine in RGD); 4.70-4.00 (CHCH2OCO of BCN, and 
HNCH(CH2SH)CONH of cysteine in RGD, and RGD backbone); 3.90-3.55 
(OCH2CH2N3 of PEG, and PEG backbone, and (CH3O)3Si); 3.00-2.10 
(CH2CCCH2 of BCN, and CHCH2COOH of aspartate in RGD, and CHCH2SH of 
cysteine in RGD, and (CH2CH2)4 of DOTA, and CHCH2C6H5 of phenylalanine in 
RGD); 2.10-0.80 (CHCHCH of BCN, and CH2CHCHCH2 of BCN ring, and 
(MeO)3SiCH2CH2CH2 of PEG, CHCH2CH2CH2CH2NHCO of lysine in RGD, and 
CHCH2CH2CH2NH of arginine in RGD, and CHCH2CH2CONH of DOTA); 0.6 
((MeO)3SiCH2CH2, of PEG) ppm. 
 
   After functional PEG molecules silane-PEG-DOTA and silane-PEG-(RGD+DOTA) 
were synthesized, they were coated onto glass surfaces and silicon surfaces through 
silane groups. The characterization results of these functionalized surfaces are listed 
in table 6.1.5. Polymer coating thickness and water contact angle were tested on 
silicon wafers, while cell adhesion on polymer coating was tested on glass slides. 
Bare silicon wafer after piranha treatment was very hydrophilic (8.3°) and polymer 
thickness was fitted out to be 0 by ellipsometry. After coated by LS (B) (MeO)3Si-
PEG-DOTA, a thickness of ~1.2 nm coating was detected and the surface became 
more hydrophobic (33.6°), which matched the typical water contact angle of a PEG-
like coating on SiO2 surface.141 YS-3 (MeO)3Si-PEG-(RGD+DOTA) coated surface 
exhibited similar hydrophilicity and thickness further increased to ~2 nm. 
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Table 6.1.5 Characterization results of Y-shape and linear functionl PEG coated 
surfaces 
Different 
surfaces 
Thickness tested by 
Ellipsometry (nm) 
Water contact 
angle (°) 
Cell-adhesion 
experiment (4 h) 
Bare slide 0 8.3 Some cells adhered 
LS (B) (MeO)3Si-
PEG-DOTA 1.24 33.6 
Almost no cells 
adhered 
YS-3 (MeO)3Si-
PEG-
(RGD+DOTA) 
2.17 35.3 Some cells adhered 
 
   Cell spreading on these two functionalized surfaces was tested by incubating 
MC3T3 cells on these surfaces for 4 hours, as shown in figure 6.1.14. Compared with 
bare slide, on which cells non-specifically adhered, there were almost no cells 
adhered on (MeO)3Si-PEG-DOTA coated surface. Therefore, the successful 
immobilization of functional PEG LS (B) was once more confirmed and both PEG 
chains and DOTA groups were proved not to cause cell adhesion. (MeO)3Si-PEG-
DOTA coated surface can be used as a negative control in future cell adhesion study 
on NV diamonds. In the meanwhile, only some cells not all cells spread on (MeO)3Si-
PEG-(RGD+DOTA) coated surface. The possibilities can be either RGD peptide lost 
its activity or silane group lost functionality during multi-step reactions. Silane groups 
were very sensitive to water. In order to confirm the synthesized products and 
polymer coatings on surfaces, (MeO)3Si-PEG-DOTA and (MeO)3Si-PEG-
(RGD+DOTA) coated silicon wafers were loaded by Gd3+ and analyzed by XPS, 
which is shown in table 6.1.6. Compared with on bare Si slide, the content of element 
Si dramatically decreased, while the contents of elements O, C, N increased and Gd 
was detected on two polymer (MeO)3Si-PEG-DOTA and (MeO)3Si-PEG-
(RGD+DOTA) coated slides. Furthermore, the content ratio of N/C on both surfaces 
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matched the N/C atom constitution of the relative polymers. Therefore both LS (B) 
(MeO)3Si-PEG-DOTA and YS-3 (MeO)3Si-PEG-(RGD+DOTA) were successfully 
coated onto surfaces as shown by XPS results. However, the density of coatings may 
be not enough to efficiently cover the whole substrate surfaces based on the cell 
adhesion tests above.  
 
Figure 6.1.14 Representative images of MC3T3 cell adhesion on Y-shape and 
linear functionl PEG coated surfaces. There were almost no cells adhered on LS (B) 
(DOTA) coated surface. In the meanwhile only some cells not all cells spread on YS-
3 (RGD+DOTA) coated surface. The possibilities can be either RGD peptide lost its 
activity or silane group lost functionality during multi-step reactions.  
Table 6.1.6 Atom constitutes on LS (B) and YS-3 coated surfaces by XPS 
Samples Elements 
 Si O C N Gd 
Bare Area percentage % 54.95 36.06 8.34 0.65 - 
LS (B) 
(MeO)3Si-PEG-
(DOTA+Gd3+) 
Area 
percentage % 52.74 36.82 9.65 0.71 0.08 
Theoretical 
atom number - 80 174 11 1 
YS-3 
(MeO)3Si-PEG-
(RGD+DOTA+Gd3+) 
Area 
percentage % 50.74 39.16 9.36 0.72 0.01 
Theoretical 
atom number - 90 207 21 1 
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6.1.2.3 Bottom-up construction of Y-shape force sensor with 
long PEG chain (Y-shape L) 
The method of multi-step synthesis for Y-shape force sensor has the drawback that 
silane groups are very sensitive to water and easily lost activity during reactions. 
Therefore, bottom-up coating methods for constructing Y-shape force sensors on 
substrate surface were developed. Y-shape L refers to the methods of using long PEG 
chain of MW 3000 Dalton, in contrast with using short PEG chain (Y-shape S) as 
shown in next section.  
   Before the construction of Y-shape L, a linear force sensor constructed on glass 
slides and silicon wafers was obtained by bottom-up coating procedure as shown in 
figure 6.1.15. (MeO)3Si-PEG-N3 with MW 3000 Dalton was coated onto slide 
surfaces through silane groups as the 1st step to render LC-1 (N3). In the 2nd step, 
BCN-DOTA-GA was coated onto the surfaces to render LC-2 (DOTA) through 
SPAAC between BCN and azide groups. Afterwards one of the four carboxyl groups 
on DOTA chelator was statistically activated by EDC and NHS, followed by amide 
coupling to immobilize cyclic(RGDfK) as the 3rd step. LC-3 (RGD) was therefore 
obtained. Gd3+ were loaded onto chelator DOTA either before or after the 
immobilization of c(RGDfK) to render LC-4 (RGD+Gd3+ before) and LC-5 
(RGD+Gd3+ after) respectively. Characterization results of linear bottom-up coating 
surfaces of each step are listed in table 6.1.7. Bare slides that were washed by piranha 
were very hydrophilic. In addition, the thickness of polymer layer fitted by 
ellipsometry was 0. After coated by (MeO)3Si-PEG-N3, the surface became more 
hydrophobic, and the thickness of polymer layer was fitted to be ~2.6 nm. LC-2 
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(DOTA) exhibited similar thickness and hydrophilicity as LC-1 (N3). LC-3 (RGD) 
became even more hydrophobic while the thickness almost remained the same. The 
immobilization of both BCN-DOTA-GA and c(RGDfK) did not cause obvious 
thickness change, since molecular weights of these two molecules are relatively small. 
Cell-adhesion images on these surfaces for 4 hours are shown in figure 6.1.16. There 
were only a few cells adhered on bare surface, and there were almost no cells adhered 
on LC-1 (N3) and LC-2 (DOTA) surfaces. Therefore, azide groups and DOTAs on 
surfaces did not cause non-specific cell adhesion. This corresponded with the results 
in figure 6.1.17 that LC-1 (N3) surface prevented the adsorption of FITC labeled 
fibronectin. The adsorption amount of fibronectin on bare slide was much higher than 
that on LC-1 (N3) surface, which was indicated by fluorescence intensity on two 
surfaces. In contrast with the anti-fouling effect on LC-1 (N3) and LC-2 (DOTA), 
cells well spread on LC-3 (RGD), LC-4 (RGD+Gd3+ before), and LC-5 (RGD+Gd3+ 
after) surfaces because of RGD-integrin induced cell adhesion. Furthermore, Gd3+ 
was proved to be nontoxic for cells, which was important for cell adhesion studies on 
NV diamond. LC-5 (RGD+Gd3+ after) surface was analyzed by XPS as well, as listed 
in table 6.1.8. Compared with bare Si slide, the content of Si decreased, while the 
contents of O, C, N all increased, and Gd was detected on the linear bottom-up coated 
surface LC-5 (RGD+Gd3+ after). The content ratio of N/C matched the N/C atom 
constitution of the polymer. Therefore the XPS results confirmed the successful 
construction of LC-5 (RGD+Gd3+ after) on surface. Linear bottom-up coating is a 
straightforward method to produce an RGD and DOTA functionalized force sensor. 
However, it is possible that the structure of chelator DOTA is deformed under cell 
force, because it is directly connected to RGD where cell force exerts. This could lead 
to a release of Gd3+ or even rupture of the chain, resulting in a failure of cell adhesion 
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study on NV diamond. Moreover, the amount of RGD immobilized on the DOTA 
chelator was only statistically to be one. The molecular structure of the force sensor 
cannot be well controlled. 
 
 
Figure 6.1.15 Linear bottom-up coating procedure. (MeO)3Si-PEG-N3 was first 
coated onto slide surfaces, and then BCN-DOTA-GA was coated onto the PEG 
surfaces. Afterwards Gd3+ chelator DOTA was activated by EDC and NHS, 
subesequently attacked by amine group from cyclic(RGDfK). Gd3+ ions were loaded 
onto chelator DOTA either before c(RGDfK) reaction or after c(RGDfK) reaction. 
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Table 6.1.7 Characterization results of linear bottom-up coating surfaces 
Different 
surfaces 
Thickness tested by 
Ellipsometry (nm) 
Water contact 
angle (°) 
Cell-adhesion 
experiment (4 h) 
Bare slide 0 8.3 Some cells adhered 
LC-1 (N3) 2.60 35.84 Almost no cells 
adhered LC-2 (DOTA) 2.93 30.9 
LC-3 (RGD) 2.89 38.83 
Cells adhered very 
well 
LC-4 (RGD + 
Gd3+ before) - - 
LC-5 (RGD + 
Gd3+ after) - - 
 
	   
 
Figure 6.1.16 Representative images of MC3T3 cell adhesion on linear bottom-
up coating surfaces. There were almost no cells adhered on LC-1 (N3) and LC-2 
(DOTA) surfaces, while cells spread very well on LC-3 (RGD), LC-4 (RGD+Gd3+ 
before) and LC-5 (RGD+Gd3+ after) surfaces because of RGD-integrin induced cell 
adhesion. Gd3+ was proved to be nontoxic for cells.     
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Figure 6.1.17 Representative images of fibronectin adsorption on PEG-azide 
coated surface. The adsorption amount of fibronectin on bare slide was much higher 
than that on LC-1 (N3) surface, indicating the anti-fouling effect on LC-1 (N3) surface. 
 
Table 6.1.8 Atom constitutes of LC-5 (RGD+Gd3+) surface by XPS 
Samples Elements 
 Si O C N Gd 
Bare Area percentage % 54.95 36.06 8.34 0.65 - 
LC-5 
(RGD+Gd3+) 
Area 
percentage % 50.60 37.54 10.86 0.98 0.01 
Theoretical atom 
number - 86 202 20 1 
 
 
   Bottom-up construction of Y-shape force sensors was achieved by three strategies. 
The 1st Y-shape strategy is described in figure 6.1.18. The same as in linear bottom-
up coating introduced above, (MeO)3Si-PEG-N3 with MW 3000 Dalton was coated 
onto clean slide surfaces firstly. YC-1 (N3) was obtained, which was actually the same 
as linear bottom-up coating LC-1 (N3). Then BCN-NHS was coated onto the surfaces 
to render YC-2 (NHS) through SPAAC between BCN and azide groups. Afterwards, 
cyclic(RGDfK)C, which contained thiol group and free amine group on the terminal 
amino acid cysteine was loaded onto YC-2 (NHS). NHS groups on the surface reacted 
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with amine groups in the presence of TEA as a base, to render YC-3 (RGD). The 
remained thiol group then reacted with maleimide-DOTA-GA in the presence of TEA 
and NaHCO3, rendering YC-4 (RGD+DOTA). Gd3+ ions were loaded finally. 
Characterization results of coated surfaces in each step by the 1st Y-shape strategy are 
listed in table 6.1.9. Bare slides that were washed by piranha were very hydrophilic, 
and the thickness of coatings fitted by ellipsometry was 0. After being coated by 
(MeO)3Si-PEG-N3, YC-1 (N3) surface became more hydrophobic, and coating 
thickness was fitted to be ~2.6 nm. Coatings in following steps YC-2 (NHS), YC-3 
(RGD), YC-4 (RGD+DOTA), and YC-5 (RGD+DOTA+Gd3+) had similar thickness. 
The little difference of thickness should be the derivation during ellipsometry tests. 
Among these surfaces, YC-3 (RGD) exhibited highest hydrophobicity, corresponding 
with the result from linear bottom up coating. The cell adhesion on the surfaces for 4 
hours corresponded with linear bottom-up coatings as well (figure 6.1.19). YC-1 (N3) 
surface prevented cell adhesion, while some cells adhered on YC-2 (NHS) due to the 
interaction between NHS group and ECM proteins.142 In contrast, cells well adhered 
on YC-3 (RGD), YC-4 (RGD+DOTA), and YC-5 (RGD+DOTA+Gd3+), which 
indicated the successful immobilization of RGD for cell adhesion. The coating 
procedure was monitored by QCM-D as well, as shown in figure 6.1.20. SiO2-based 
Qsensor was first coated by (MeO)3Si-PEG-N3 with MW 3000 Dalton. Meanwhile, 
BCN-c(RGDfK)C was synthesized by reacting BCN-NHS with c(RGDfK)C in the 
present of TEA for overnight. BCN-c(RGDfK)C was added onto (MeO)3Si-PEG-N3 
coated Qsensor in a static modulus for QCM-D measurements. The frequency shifted 
after washing by water for 3 times, from which the binding amount of BCN-
c(RGDfK)C was calculated to be 245.68 ng/cm2. However, the subsequent loading of 
maleimide-DOTA-GA and GdCl3*6H2O did not cause any frequency change in 
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QCM-D. On one hand, the molecular weights of maleimide-DOTA-GA and 
GdCl3*6H2O may be too small to be detected in QCM-D. On the other hand, the 
grafting ratio of maleimide-DOTA-GA may be too small, due to the large steric effect 
of the immobilized RGD and the maleimide-DOTA. The maleimide-thiol reaction 
was therefore limited to a large extent. The immobilization strategies need to be 
improved.  
 
 
Figure 6.1.18 1st Y-shape bottom-up coating procedure. (MeO)3Si-PEG-N3 was 
first coated onto slide surfaces. Then BCN-NHS was coated onto the PEG surfaces. 
cyclic(RGDfK)C was loaded onto NHS group functionalized surface through amine 
groups. The remained thiol group on cysteine residue then reacted with maleimide-
DOTA-GA. Gd3+ ions were loaded finally. 
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Table 6.1.9 Characterization results of bottom-up coating surfaces by 1st Y-shape 
strategy 
 
Thickness tested 
by Ellipsometry 
(nm) 
Water 
contact angle 
(°) 
Cell-adhesion 
experiment (4 h) 
Bare slide 0 8.3 Some cells adhered 
YC-1 (N3) 2.67 35.64 
Almost no cells 
adhered 
YC-2 (NHS) 2.81 - Few cells adhesion 
YC-3 (RGD) 3.03 43.67 Cells adhered very well 
YC-4 (RGD + 
DOTA) 2.49 37.29 
Cells adhered very 
well 
YC-5 
(RGD+DOTA+Gd3+) 1.92 34.69 
Cells adhered very 
well 
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Figure 6.1.19 Representative images of MC3T3 cell adhesion on bottom-up 
coating surfaces by 1st Y-shape strategy. YC-1 (N3) surface prevented cell adhesion, 
while some cells adhered on YC-2 (NHS) due to the interaction between NHS group 
and ECM proteins. Cells well adhered on YC-3 (RGD), YC-4 (RGD+DOTA), and 
YC-5 (RGD+DOTA+Gd3+) because of RGD-integrin induced cell adhesion.  
 
 
Figure 6.1.20 QCM frequency (F) and dissipation (D) shift as a function of time 
during adsorption of BCN-c(RGDfK)C, maleimide-DOTA and Gd3+ on 
(MeO)3Si-PEG-N3 coated Qsensor. The frequency shifted after binding of BCN-
c(RGDfK)C, the binding amound was calculated to be 245.68 ng/cm2. However, the 
subsequent loading of maleimide-DOTA-GA and GdCl3*6H2O did not cause any 
frequency change in QCM-D.  
 
   The procedure of the 2nd Y-shape strategy is described in figure 6.1.21. In order to 
improve the reaction efficiency between c(RGDfK)C and maleimide-DOTA-GA, they 
BCN-c(RGDfK)C  
H2O wash x 3 
Male-DOTA 
H2O wash x 3 
GdCl
3
*6H
2
O 
H2O wash x 3 
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were first mixed together to react completely via thiol-maleimide	  michael addition. 
Afterwards this RGD-DOTA 2-in-1 molecule was immobilized onto NHS functional 
PEG coated surface YC-2 (NHS) which was obtained by the same procedure in the 1st 
Y-shape strategy. The synthesis of RGD-DOTA 2-in-1 molecule was monitored by 
mass spectroscopy. It was confirmed that all RGDs were consumed up during reaction 
by mixing 1 equivalent of c(RGDfK)C and 1.2 equivalent of maleimide-DOTA-GA, 
as shown in figure 6.1.22. There was no peak around 707 m/z which represented for 
c(RGDfK)C. While there was a peak around 600 m/z, indicating the residual 
maleimide-DOTA-GA molecules. Most important, the peak of RGD-DOTA 2-in-1 
molecule was detected at around 650 m/z with 2 positive charges. The maleimide 
groups of maleimide-DOTA-GA might also react with the amine groups of RGD in 
certain conditions. However, no RGD was detected to react with two molecules of 
maleimide. Therefore, no free thiol groups, which can react with BCN, left in the 
product mixture, but the amine groups must be still active. Since RGD-DOTA was 
further immobilized onto NHS surface through amine group on RGD and all 
c(RGDfK)C were converted into RGD-DOTA, no RGD peptide without DOTA-GA 
could be immobilized on the surface. RGD peptide without maleimide-DOTA-GA on 
the surface could still induce cell adhesion but not the relaxation signal output. The 
residual NHS groups after RGD-DOTA immobilization could be easily hydrolyzed to 
hydroxyl groups. Characterization results of coated surfaces in each step by the 2nd Y-
shape strategy are also listed in table 6.1.10. Similar to the 1st Y-shape strategy, 
surfaces became more hydrophobic after polymer functionalization. Polymer 
thickness fitted by ellipsometry was ~2 nm. Cell adhesion for 4 hours is shown in 
figure 6.1.23. YC-3 (RGD+DOTA) and YC-4 (RGD+DOTA+Gd3+) induced obvious 
cell adhesion, however, not better than on YC-2 (NHS) surface, where cell adhesion 
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was induced by NHS groups. From these results, we can not conclude that RGD-
DOTA was successfully coated onto NHS surface, since all three surfaces YC-2 
(NHS), YC-3 (RGD+DOTA), and YC-4 (RGD+DOTA+Gd3+) behaved the same. The 
steric effect may still be the problem. Thus the 3rd Y-shape strategy was developed 
based on this. 
 
 
Figure 6.1.21 2nd Y-shape bottom-up coating procedure. c(RGDfK)C and 
maleimide-DOTA-GA were mixed together to react firstly. Then this RGD-DOTA 2-
in-1 molecule was immobilized onto NHS functional PEG surface, which was 
obtained by the same procedure in the 1st Y-shape strategy.  
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Figure 6.1.22 Mass spectroscopy result of c(RGDfK)C and maleimide-DOTA-
GA reaction. There was no peak around 707 m/z which represented for c(RGDfK)C, 
indicating the complete consumption of c(RGDfK)C. While there was a peak around 
600 m/z, indicating the residual maleimide-DOTA-GA molecules. The peak of RGD-
DOTA 2-in-1 molecule was detected at around 650 m/z with 2 positive charges.  
 
Table 6.1.9 Characterization results of bottom-up coating surfaces 
 
Thickness 
tested by 
Ellipsometry 
(nm) 
Water 
contact angle 
(°) 
Cell-adhesion 
experiment (4 h) 
Bare slide 0 8.3 Cells adhered 
YC-1 (N3) 1.76 35.64 
Almost no cells 
adhered 
YC-2 (NHS) 2.18 - Cells adhered 
YC-3 (RGD + DOTA) 1.60 32.3 Cells adhered 
YC-4 
(RGD+DOTA+Gd3+) 1.53 34.62 Cells adhered 
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Figure 6.1.23 Representative images of MC3T3 cell adhesion on bottom-up 
coating surfaces by 2nd Y-shape strategy. YC-3 (RGD+DOTA) and YC-4 
(RGD+DOTA+Gd3+) induced obvious cell adhesion, however, not better than on YC-
2 (NHS) surface.  
 
   The 3rd Y-shape strategy is described in figure 6.1.24. c(RGDfK)C and maleimide-
DOTA-GA were reacted first based on the 2nd Y-shape strategy. Afterwards BCN-
NHS reacted onto this RGD-DOTA 2-in-1 molecule through NHS-amine reaction in 
the presence of TEA, thus BCN-RGD-DOTA (BRD) 3-in-1 Y-shape molecule was 
obtained. The molecular weight and size of BCN-NHS was relative small, which was 
expected to penetrate through the steric barrier to react with amine group. The grafted 
BCN-NHS could also serve as a spacer to let residual BCN react with azide on YC-1 
(N3) surface by high efficiency SPAAC click reaction. Excess RGD-DOTA was used 
to react with BCN-NHS for converting all BCN-NHS into BRD. Theoretically, even 
though the coating efficiency of BRD was not 100 %, there will be only BRD or azide 
groups on the surface. In the followed cell adhesion study on NV diamond surface 
constructed by this strategy, cell adhesion induced by RGD peptide will definitely 
cause a change of DOTA chelated Gd. By this strategy, a relatively “clean” surface 
without any interference could be obtained. As an alternative of BCN-NHS, DBCO-
PEG4-NHS (figure 6.1.25), which also contains cyclo-alkyne was used to react with 
RGD-DOTA as well, to render DBCO-RGD-DOTA (DRD). The spacer of 4 
repeating units of EGs may increase the efficiency to interact with azide on YC-1 (N3) 
surface. BRD or DRD were coated onto YC-1 (N3) surface either in DMF solution or 
in DMF/H2O 1:9 mixed solution. The obtained different surfaces were compared. The 
thickness of polymers on surfaces coated by BRD or DRD in DMF or in DMF/H2O 
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with Gd3+ loaded is listed in table 6.1.11. Polymer thickness almost remained the 
same, after BRD or DRD was immobilized in DMF. Meanwhile, polymer thickness 
decreased a lot, after BRD or DRD was immobilized in DMF/H2O. By coating with 
DRD in DMF/H2O, polymer thickness was fitted to be close to 0. It meant coating in 
DMF/H2O might be not stable. In order to further confirm whether the polymers 
existed or not after coating by BRD and DRD in DMF or in DMF/H2O, BSA non-
specific adsorption on these 4 different coated surfaces were tested in QCM-D. 
Figure 6.1.26~6.1.30 show the BRD or DRD coating on Qsensors in DMF or in 
DMF/H2O, as well as subsequent BSA adsorption on these coated surfaces. Neither 
coatings of BRD nor DRD caused any frequency shift due to the low reaction 
efficiency and small molecular weight. There was also technical problem that baseline 
in DMF could not get equilibrated. However, the adsorption of BSA on BRD and 
DRD coated surfaces behaved differently, as listed in table 6.1.12. Large amount of 
BSA was non-specifically adsorbed on bare slide (Figure 6.1.27), while almost no 
BSA adsorption was detected on silane-PEG-N3 coated surface, corresponding with 
anti-fouling effect on this surface described in earlier strategies. Similarly, almost no 
BSA adsorption was detected on surfaces coated by BRD in DMF and in DMF/H2O, 
as well as surface coated by DRD in DMF, indicating the existence of PEG polymers 
on these surfaces. However, some BSA adsorbed on surface coated by DRD in 
DMF/H2O. This indicated that some of the polymers might be detached in the coating 
process to leave exposed bare islands causing non-specific BSA adsorption. MC3T3 
and LAMDCK cell adhesion experiments were also performed on BRD or DRD 
coated glass slides and Qsensors, respectively. Cell adhesion images are shown in 
figure 6.1.31~figure 6.1.33. Both MC3T3 and LAMDCK cells spread slightly better 
on surfaces coated in DMF, than on surfaces coated in DMF/H2O, indicating higher 
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stability or higher coating efficiency in DMF. Finally, BRD coated silicon wafers 
were analyzed by XPS, as shown in table 6.1.13. Compared with bare Si slide, the 
content of Si decreased, while the contents of O, C, N all increased, and Gd was 
detected on the BRD coated surfaces. The content ratio of N/C on the surfaces 
matched the N/C atom constitution of respective polymers. Therefore the XPS results 
confirmed the successful binding of BRD both in DMF and in DMF/H2O. Combining 
the results above, coating of BRD or DRD in DMF was more stable than coating in 
DMF/H2O. Therefore, the 3rd Y-shape strategy with BRD grafting in DMF was 
regarded as an optimized method to fabricate Y-shape force sensor with long PEG 
chain (Y-shape L) on NV diamond for the following cell adhesion studies.  
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Figure 6.1.24 3rd Y-shape bottom-up coating procedure. c(RGDfK)C and 
maleimide-DOTA-GA were reacted together first. Then BCN-NHS was reacted onto 
this RGD-DOTA 2-in-1 molecule, generating BCN-RGD-DOTA (BRD) 3-in-1 Y-
shape molecule. BRD was then coated onto YC-1 (N3) surface by high efficiency 
SPAAC click reaction.   
 
 
Figure 6.1.25 Molecular structure of dibenzocyclooctyne-PEG4-N-
hydroxysuccinimidyl ester DBCO-PEG4-NHS 
 
Table 6.1.11 Thickness (nm) of bottom-up coating surfaces by 3rd Y-shape 
strategy using 4 different methods 
4 methods BRD in DMF/H2O 
BRD in 
DMF 
DRD in 
DMF 
DRD in 
DMF/H2O 
Bare slide 0 0 0 0 
YC-1 (N3) 2.67 2.71 2.86 2.66 
YC-3 
(RGD+DOTA+Gd3+) 1.17 2.32 2.07 0.33 
 
DBCO-PEG4-NHS 
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Figure 6.1.26 QCM frequency (F) and dissipation (D) shift as a function of time 
during binding of BCN-RGD-DOTA (BRD) on (MeO)3Si-PEG-N3 coated 
Qsensors in DMF/H2O. Coating of BRD did not cause a frequency shift, thus the 
successful binding of BRD in DMF/H2O could not be confirmed.  
 
BRD in DMF/H
2
O  H2O wash x 
3 
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Figure 6.1.27 QCM frequency (F) and dissipation (D) shift as a function of time 
during adsorption of BSA on Y-shape surface constructed by BRD in DMF/H2O. 
Large amount of BSA was non-specifically adsorbed on bare slide, while almost no 
BSA adsorption was detected on silane-PEG-N3 coated surface and BRD coated 
surface.  
 
BSA in PBS solution PBS wash x 3 
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Figure 6.1.28 QCM frequency (F) and dissipation (D) shift as a function of time 
during binding of BCN-RGD-DOTA (BRD) on (MeO)3Si-PEG-N3 surface in 
DMF and subsequent adsorption of BSA. Coating of BRD did not cause an obvious 
decrease of frequency. However, subsequent BSA adsorption almost did not cause 
any frequency shift, indicating existence of anti-fouling PEG polymer monolayer on 
the surface.  
 
BRD in DMF PBS 
BSA in PBS 
PBS wash x 3 
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Figure 6.1.29 QCM frequency (F) and dissipation (D) shift as a function of time 
during binding of DBCO-RGD-DOTA (DRD) on (MeO)3Si-PEG-N3 surface in 
DMF and subsequent adsorption of BSA. Coating of DRD did not cause an obvious 
frequency shift. Subsequent BSA adsorption almost did not cause any frequency shift, 
indicating existence of anti-fouling PEG polymer monolayer on the surface.  
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Figure 6.1.30 QCM frequency (F) and dissipation (D) shift as a function of time 
during binding of DBCO-RGD-DOTA (DRD) on (MeO)3Si-PEG-N3 surface in 
DMF/H2O and subsequent adsorption of BSA. Coating of DRD did not cause an 
obvious frequency shift. Subsequent BSA adsorption did cause a frequency shift, 
indicating a BSA adsorption amount of around 70.8 ng/cm2 on DRD coated surface. 
This indicated that some of the polymers might be detached in the coating process to 
leave exposed bare islands causing non-specific BSA adsorption.  
 
Table 6.1.12 BSA adsorption on 3rd Y-shape strategy constructed surfaces by 4 
different methods 
Different 
surfaces 
Bare 
slide N3 
BRD in 
DMF/H2O 
BRD 
in 
DMF 
DRD 
in 
DMF 
DRD in 
DMF/H2O 
BSA 
adsorption 
amount 
(ng/cm2) 
265.5 0 0 0 0 70.8 
DRD in DMF/H2O 
PBS wash x 3 
PBS PBS wash x 3 BSA in PBS 
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Figure 6.1.31 Representative images of MC3T3 cell adhesion at 1 h on bottom-up 
coating surfaces by 3rd Y-shape strategy using 4 different methods (1 h). On bare 
slide, there was little amount of cells adhered. On (MeO)3Si-PEG-N3 coated surface, 
there were no cells adhered since it is anti-fouling. On BRD or DRD coated in DMF 
surfaces, cells adhered better than on BRD or DRD coated in DMF/H2O surfaces. 
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Figure 6.1.32 Representative images of MC3T3 cell adhesion at 4 h on bottom-up 
coating surfaces by 3rd Y-shape strategy using 4 different methods (4 h). On bare 
slide, there were some cells adhered. On (MeO)3Si-PEG-N3 coated surface, there 
were no cells adhered. On BRD or DRD surfaces coated in DMF, cells adhered much 
better than on in surfaces coated in DMF/H2O. 
 
 
Figure 6.1.33 Representative images of LA-MDCK cell adhesion at 4 h on QCM-
D sensors surfaces constructed by 3rd Y-shape strategy using 4 different methods 
(4 h). On bare slide, there were some cells adhered. On (MeO)3Si-PEG-N3 coated 
surface, there were little cells adhered since it is anti-fouling. On BRD or DRD 
surfaces coated in DMF, cells adhered better than on BRD or DRD surfaces coated in 
DMF/H2O. 
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Table 6.1.13 Atom constitutes on 3rd Y-shape strategy constructed surfaces by 
XPS 
Samples Elements 
 Si O C N Gd 
Bare Area percentage % 56.67 32.06 10.56 0.29 - 
YC-1 (N3) 
Area 
percentage % 41.43 31.06 26.67 0.84 - 
Theoretical 
atom number - 69 142 5 0 
YC-2 
(RGD+DOTA+Gd3+) 
BRD in DMF/H2O 
Area 
percentage % 46.97 32.11 19.10 0.77 0.78 
Theoretical 
atom number - 90 207 21 1 
YC-2 
(RGD+DOTA+Gd3+) 
BRD in DMF 
Area 
percentage % 41.28 32.75 24.89 0.77 0.26 
Theoretical 
atom number - 90 207 21 1 
 
 
6.1.2.4 Bottom-up construction of Y-shape force sensor with 
short PEG chain (Y-shape S) 
In Y-shape L, PEG of molecular weight ~3000 Dalton was used. However, if the PEG 
chain is too long, the distance between Gd3+ on one terminal of force sensor and NV 
at the bottom may be too long to get strong T1 signal.  The distance between Gd3+ and 
NV is shorter, the stronger the signal can be. Therefore, Y-shape force sensor with 
short PEG chain (Y-shape S) was developed as an improved strategy, in which PEG 
with molecular weight ~800 Dalton was used. 
   In order to obtain Y-shape S, (MeO)3Si-PEG-N3 with MW 800 Dalton was first 
coated onto glass, silicon wafer, or SiO2-based Qsensor through silane groups. 
Results	  and	  Discussion	  -­‐	  Part	  I.	  NV	  diamond	  
	   111	  
Afterwards BCN-RGD-DOTA (BRD) 3-in-1 Y-shape molecule was coated onto azide 
groups on the surface in DMF, as the same procedure to obtain Y-shape L described 
above. The thickness after each step of coating is listed in table 6.1.14. The polymer 
layer thickness was fitted to be ~2 nm after silane-PEG-N3 coating, and almost 
remained the same after BRD coating. After the constructed Y-shape S coating was 
immersed in PBS for 2 weeks, the polymer thickness did not change. This is evidence 
that Y-shape S obtained by this strategy is stable in physiological buffer. The 
immobilization of BRD was also monitored by QCM-D in DMF/H2O 1:9 as shown in 
figure 6.1.34. After washing by water, the binding amount of BRD was calculated to 
be ~177 ng/cm2 from frequency shift. The smaller diameter of the short PEG chains 
led higher density of functional groups; and the functional groups on short chain can 
be better exposed on the surface. Thus the immobilization of BRD on short PEG 
chain was detected by QCM-D, which was not detected on long PEG chain. 
Additionally, cell spreading on BRD coated Qsensor in figure 6.1.35 further 
confirmed the successful immobilization of BRD. MC3T3 cell adhesion on different 
surfaces is summarized in table 6.1.15. Cell images are shown in figure 6.1.36. 
Silane-PEG-N3 coated surface was still anti-fouling, while cells spread very well due 
to RGD-integrin interaction on BRD coated surfaces. Gd3+ did not affect cell 
spreading. Therefore, Y-shape force sensor with short PEG chain (Y-shape S) 
obtained by this method can be used as a stable and effective force sensor. 
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Table 6.1.14 Thickness (nm) of bottom-up coating surfaces for Y-shape S  
Different step of surface Thickness (nm) 
Bare slide 0 
YC-1 (N3) 2.02 
YC-2 (RGD+DOTA) 2.23 
After in PBS 2 weeks 2.30 
 
 
 
Figure 6.1.34 QCM frequency (F) and dissipation (D) shift as a function of time 
during binding of BCN-RGD-DOTA (BRD) on (MeO)3Si-PEG-N3 coated 
Qsensors in DMF/H2O for Y-shape S. Coating of BRD caused an obvious 
frequency shift indicating a successful binding amount of around 177 ng/cm2 BRD in 
DMF/H2O.  
 
 
BRD DMF/H
2
O  H2O wash x 3 
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Figure 6.1.35 Representative images of stained MC3T3 cell adhesion on BRD 
bound Q-sensor for Y-shape S. Cells well adhered on BRD coated Qsensor, 
indicating successful binding of BRD in Y-shape S construction. 
 
Table 6.1.15 MC3T3 cell adhesion on the Y-shape S constructed surfaces 
Adhesion time Bare slide N3 BRD in DMF BRD+Gd3+ 
1 h Some cells adhered 
Almost no 
cells adhered 
Cells adhered 
very well 
Cells adhered 
very well 
4 h Some cells adhered 
Few cells 
adhered 
Cells adhered 
very well 
Cells adhered 
very well 
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Figure 6.1.36 Representative images of MC3T3 cell adhesion images of bottom-
up coating surfaces for Y-shape S. (MeO)3Si-PEG-N3 coated surface was almost 
anti-fouling. On BRD coated surfaces, cells spread very well due to RGD-integrin 
interaction. Gd3+ did not affect cell spreading.  
 
6.1.3 Cell adhesion on Y-shape diamond force sensor 
Y-shape L and Y-shape S strategies were tested on glass, silicon wafer, and Qsensor 
as described above. However, for the following cell-adhesion study on NV diamond, 
it needs to be proved that they can be applied onto diamonds as well, since diamond 
surface may differ from the tested surfaces. Cell adhesion experiments were 
performed with Y-shape L and Y-shape S functional diamond surfaces. For proving 
Y-shape L, one diamond testing sample was first coated with SiO2 of ~5 nm by 
method a, then Y-shape L was constructed above. MC3T3 cells on this Y-shape L 
coated diamond surface spread much better than on bare diamond without any 
modification or on silica-coated diamond, as shown in figure 6.1.37. For proving Y-
shape S, one diamond testing sample was first coated with SiO2 of ~2 nm by method 
b, then Y-shape S was constructed above. MC3T3 cell adhesion on Y-shape S coated 
diamond surface also spread much better than on bare diamond without any 
modification or on silica-coated diamond, as shown in figure 6.1.38. In order to test 
the Y-shape S stability on diamond in aqueous condition, the adhered cells were 
washed off by trypsin and diamonds were immersed in PBS for 1 week. Cell adhesion 
was tested again and matched the results for the tests on fresh slides. These results 
demonstrated the successful construction of Y-shape S and it is stable in PBS for 1 
week. Therefore both Y-shape L and Y-shape S could be applied on NV diamonds for 
relaxation time (T1) measurements in cell adhesion study.  
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Figure 6.1.37 Representative images of MC3T3 cell adhesion at 1 h on Y-shape L 
constructed diamond surface (1 h). On Y-shape L constructed diamond surface by 
coating BRD in DMF, MC3T3 cells spread much better, than on bare diamond 
without any modification or on silica-coated diamond.  
 
 
Figure 6.1.38 Representative images of MC3T3 cell adhesion at 2 h on Y-shape S 
constructed diamond surface (2 h). On both bare diamond and silica coated 
diamond, there were some cells adhered. On Y-shape S constructed diamond surface 
by coating BRD in DMF, cells adhered much better. After immersed in PBS for one 
week and loaded by cells again, cells still adhered very well, indicating good stability 
of Y-shape S construction in PBS.  
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6.1.4 Relaxation measurements 
The constructions described above were applied onto diamond membranes, and 
loaded with Gd3+ ions. The Gd3+ rendered T1 changes were detected by relaxation 
measurements in wide-field setup. In order to estimate the T1 change on Y-shape 
force sensor on diamond membranes, a simple 2D model describing the construction 
was considered, as shown in figure 6.1.39.  
 
 
Figure 6.1.39 Y-shape force sensor 2D model. This illustrates NV sensing cell 
traction force when directly grafted PEG with spin label on top of diamond surface. 
Where ℎ=𝑙+ℎ0, 𝑙 is the length of the PEG as spacer and ℎ0 is the typical NV 
implantation depth (e.g., 5 nm). As an example, the 𝑙=5 𝑛𝑚 is chosen (see below 
description) and therefore 𝒉=𝟏𝟎 𝒏𝒎 is the typical value.  
 
   For convenience, we consider an area of A ~ 0.25 µm2 (e.g., spot size of laser: 500 
nm × 500 nm). We assume the force is along the axial of the PEG and consider an 
elastic model at the beginning (the linear relationship is only valid within certain 
range).143 Therefore the 𝐹 = 𝐴𝐸𝑑𝑥/𝐿, where 𝐴 is the cross-section area (𝐴 = 𝑁*𝑎02, 
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𝑁 is the number of PEG molecules and 𝑎0 is the diameter of a single PEG molecule), 
𝐸 is the Young’s modulus and 𝐿 is the length of PEG molecule. Under force 𝐹 the 
exerted length change 𝑑𝑥 can be calculated: 𝑑𝑥 = 𝐹𝐿/(𝐴𝐸) (1)  
   Take some typical values for the system: we assume the typical length of PEG is 𝐿 
= 5 𝑛𝑚, and totally 𝑁 = 5000 PEG molecules grafted inside the chosen area (grafting 
density is PEG/50 nm2). The diameter of PEG is 𝑎0 = 0.5 𝑛𝑚.144 The Young’s modulus 
is 𝐸 = 1 𝑀𝑝𝑎.145 From the literature, we found the relationship between traction force 
and contact area is ~ 5 nN/µm2.146 Thus the exerted force on the chosen area (0.25 
µm2) is ~ 1.25 nN. Therefore, the exerted length change (under 1.25 nN) is calculated 
through equation (1) to be: 5 nm. The NV relaxation rate 𝛤 = 𝛤𝑖𝑛𝑡+𝛤𝑒𝑥𝑡, where 𝛤𝑖𝑛𝑡 is the 
intrinsic feature of diamond (treated as constant) and 𝛤𝑒𝑥𝑡 depends on the external spin 
noise. After calculation,147 the 𝛤𝑒𝑥𝑡 is found to scale with ℎ−3, where ℎ is the distance 
between the NV and external spin label. From this, we can estimate the change of 
relaxation rate as a function of distance ℎ as shown below. 
   Figure 6.1.40 shows calculated relative relaxation rate of NV centers (induced by 
spin labels) as a function of distance between NV and spin label. The relative rate at a 
given distance is calculated as a ratio to typical R10 (relaxation rate at ℎ=10 𝑛𝑚) 
through ℎ−3 scaling. The distance change of 5 nm is quite significant for our 
relaxometry detection, as shown in stretch from 10 nm to 15 nm R10-15 = 3.375 R10 (R 
is the relaxation rate at h=10 nm). This is quite significant change according to the T1 
relaxation measurement, and therefore the force should be measurable.  
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Figure 6.1.40 Calculated relative relaxation rate of NV centers (induced by spin 
labels) as a function of distance between NV and spin label. The relative rate at a 
given distance is calculated as a ratio to typical R10 (relaxation rate at ℎ=10 𝑛𝑚) 
through ℎ−3 scaling. 
 
   The influence of liquid pressure (h = 1 cm) is considered: 𝐹 = ρghA = 2.5×10−2 𝑛𝑁. 
Since this is two order smaller than the force we discussed, we can neglect this 
influence of liquid pressure. Similarly, we can also neglect the influence of gravity of 
a single cell, which is also on the order of 10−2 𝑛𝑁. 
   An estimation of distance between Gd3+ and NVs in diamond was performed based 
on the fact that the depth of NV implantation was 5 nm.  
d = D+S+L 
Results	  and	  Discussion	  -­‐	  Part	  I.	  NV	  diamond	  
	   119	  
where D is the depth of NV implantation 5 nm, S is the silica layer thickness 5 nm for 
Y-shape L, 2 nm for Y-shape S, L is the length of polymer chain, which can be 
considered by two times of Flory radius RF.148 RF ≈ INλ, where I is the monomer 
length 0.28 nm and N is the degree of polymerization, λ is the Flory exponent. The 
lengths of PEG in different states are listed in table 6.1.16. 
 
Table 6.1.16 PEG lengths in different states 
 
Dry state length 
(nm) 
Hydrated length 
(nm) 
Contour length 
(nm) 
PEG 3000 2.26 7.05 19.09 
PEG 800 1.46 3.20 5.09 
 
 
6.1.4.1 Relaxation measurement for Y-shape L 
For the first test, Gd3+ resulted T1 change was monitored by PEG length in different 
solvent. NV diamond was modified by LS (B): PEG with MW 3000 Da was directly 
combined with Gd3+ chelator DOTA. After loading with Gd3+ ions, T1 was measured 
in sequence of in ambient condition, in water, in isopropanol, and again in ambient 
condition. Isopropanol is a non-solvent for PEG. The PEG chains on the NV diamond 
surface are supposed to be collapsed in ambient condition or in isopropanol. This may 
cause a smaller distance between Gd3+ on top of the PEG chain and NVs in diamond, 
resulting a lower T1 value. As a comparison as in water, which is a good solvent for 
PEG, PEG chains are supposed to be extended. Therefore a longer distance between 
Gd3+ and NVs is expected, resulting a higher T1 value. Figure 6.1.41 depicts the 
estimated distance between Gd3+ and NVs in different state. The implantation depth 
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of NVs in diamond was 5-10 nm, the silica coating was about 5 nm. According to 
table 6.1.16, PEG length in dry state was 2.26 nm, roughly corresponding with the 
ellipsometry result 2.67 nm. PEG length in water was 7.05 nm. As shown in figure 
6.1.42, the T1 exhibited lower values in ambient condition and in isopropanol, 
compared with in water. However, when the system was dried after isopropanol 
treatment, the T1 value even increased. Therefore another series of T1 measurements 
were done in the order of in ambient condition, in isopropanol, in water, in 
isopropanol, and in water. However, the T1 values in these tests increased when the 
solvent was changed each time (figure 6.1.43). The intrinsic T1 value for the NV 
diamond sample without any chemistry treatment was around 2 ms, while in the first 
round of test the values were all below 100 µs. The abnormally low T1 values may be 
because large amount of Gd3+ ions were trapped in PEG chains. They were 
continuously washed out as each time by changing the solvent. Finally, steady state 
apparently reached: T1 of 300 to 400 µs in water, 500 µs in ambient condition and in 
isopropanol. The final results were the opposite of our expectations: shorter Gd3+-NV 
distance leads to larger T1 value. There were two possible explanations: 1. Changing 
the PEG conformation may change the mutual interaction between Gd3+. Stronger 
interaction between Gd3+ ions closed to each other in the collapsed state might lead to 
a broadened spectral density and effectively less noise at the NV transition frequency. 
2. Intrinsic paramagnetic defects hosted on the surface of diamond were also expected 
to exist in the SiO2 layer, which also interacted with the NVs as indicated in figure 
6.1.44. The fluctuations of these defects would be influenced by Gd3+ ions at different 
distances and positions, a broadening of the spectral density might lead to an 
increased relaxation time of the NVs. However, on the second sample with only the 
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silica layer on the surface (see below), T1 was measured as ~2 ms, indicating the 
paramagnetic defects only seemed to play a role when Gd3+ was also attached. 
 
 
Figure 6.1.41 Distance between Gd3+ and NVs in different states. The implantation 
depth of NVs in diamond is 5-10 nm, silica coating of 5 nm was achieved by method 
a. PEG length in dry state was 2.26 nm, while in water was 7.05 nm.   
 
Results	  and	  Discussion	  -­‐	  Part	  I.	  NV	  diamond	  
	   122	  
 
Figure 6.1.42 T1 measurement in different state (1st round). T1 value was lower in 
dry state and in isopropanol, compared with in water. However, when the system was 
dried again, the T1 value did not recover.   
 
 
Figure 6.1.43 T1 measurement in different state (2nd round). T1 values in these 
tests increased as each time of changing the solvent. 
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Figure 6.1.44 Paramagnetic defects in silica layer. In addition to direct influence of 
Gd3+ on the NVs, indirect interaction via paramagnetic defects in the silica layer may 
occur.  
 
   The second relaxation measurement was performed on NV diamond with Y-shape 
force sensor Y-shape L (PEG with MW 3000 Da). First T1 was measured after the 
generation of ~5 nm silica coating by method a. There was almost no influence of 
silica layer on T1 value compared with intrinsic T1 value (both were measured as ~2 
ms). Then the Y shape force sensor Y-shape L was constructed based on the silica 
layer and Gd3+ ions were loaded. Since large amount of Gd3+ ions may be trapped by 
PEG chains as detected in the previous measurements shown above, EDTA was used 
to remove the unchelated Gd3+ ions but not influencing the Gd3+ ions in DOTA 
chelator.149 The measured T1 was around 1 ms after removing unchelated Gd3+. 
However, no difference was detected in water and in isopropanol. MC3T3 cells were 
incubated on the Y-shape L force sensor for 4 hours. Cells attached but did not spread 
as well as in the previous experiments on diamond testing samples. The reason may 
be the silica coating on NV diamond was not stable or the coating efficiency of RGD 
peptide was low. Nevertheless, T1 measurement was performed at the region of an 
Results	  and	  Discussion	  -­‐	  Part	  I.	  NV	  diamond	  
	   124	  
adhered cell. Figure 6.1.45 shows the lifetime T1 map for a part of the adhered cell. 
The higher value of T1 around 1600-1800 µs corresponded with the region of cell 
edge as indicated in the figure, where lamellipoda exerted traction force on the 
substrate. The rest region mostly had lower T1 value, indicating smaller traction force 
under the inner part of cell and another side of cell edge without lamellipodia. This 
result revealed that the Y-shape L on NV diamond could be utilized as a cell force 
sensor. PEG chains contacted with cells through RGD-integrin interaction were 
stretched under cell traction force, leading to a larger distance between loaded Gd3+ 
ions and NVs in diamond. It resulted a notable increase of T1 value in this region. 
However, there was still high level of noise distributed in this area, which may come 
from the low sensitivity of NVs during measurement. When the distance between 
Gd3+ ions and NVs is large (e.g., >25 nm), the sensitivity of the NVs in diamond to 
Gd3+ is low. Therefore there was a demand of decreasing the length of polymer chain 
in Y-shape force sensor and the thickness of silica layer for obtaining high quality 
results.  
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Figure 6.1.45 T1 map above an attached cell on Y-shape L constructed NV 
diamond. The higher value of T1 around 1600-1800 µs corresponded with the region 
of cell edge, where lamellipoda exerted traction force on the substrate. The rest region 
had lower T1 value, indicating smaller traction force under the inner part of cell and 
another side of cell edge without lamellipodia.  
 
6.1.4.2 Relaxation measurement for Y-shape S 
In order to decrease the distance between Gd3+ ions and NVs, the thickness of silica 
layer was reduced to around 1.5 nm by method a. Then Y-shape force sensor Y-shape 
S (PEG with MW 800 Da) was constructed on the silica layer. Gd3+ ions were loaded 
and followed by EDTA washing. The intrinsic T1 value of the diamond membrane 
was measured as 1-2 ms, while it was around 400 µs after Gd3+ loading. After 
MC3T3 cells were incubated on diamond for 4 hours, T1 was tested again. Since the 
NV density beneath the chosen cell region was low, the duration was long for single 
T1 measurement. It resulted an obvious change of cell location in the taken images 
due to the migration of the tested cell in this time period, as shown in figure 6.1.46. 
After the measurement, the cell was treated by trypsin and washed off for a reference 
T1 test without cell on top. The results of two tests were combined together, 
generating a T1 map of difference (∆T1). As indicated by the profile of the cell, the 
higher T1 values occur under the inner part of cell region, demonstrating notable 
traction force at this region. However, there was no obvious change of T1 at cell edge, 
indicating absence of strong focal adhesions from this cell. One should notice that the 
cells did not spread well on this Y-shape force sensor. This may be because the 1.5 
nm thick silica layer was not stable enough for supporting the Y-shape construction 
on NV diamond. Another problem occurred during the relaxation measurement was 
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that, cells died during the long time measurement, since there was no cell incubator 
on this wide-field setup.  
   For another new measurement, a living cell incubator was installed on wide-field 
setup for cell living condition during measurement. A more stable silica layer of 2 nm 
was achieved by method b on NV diamond. Y-shape force sensor Y-shape S with 
Gd3+ ions was therefore constructed on new silica coatings. After incubation of 4 
hours, MC3T3 cells spread on the tested surfaces. Since there were not enough NVs 
beneath the spread cell, the T1 from only a limited region of a spread cell (edge) was 
measured. After the measurement, the cell was also treated with trypsin and washed 
off for a reference T1 test without cell on top. The results of two tests were combined 
to obtain the difference ∆T1 as shown in figure 6.1.47. The higher T1 values located 
in the cell region indicated higher cell traction force at this region.  
    
 
Figure 6.1.46 ∆ T1 map above an attached cell on Y-shape S constructed NV 
diamond. The higher T1 values occur under the inner part of cell region, 
demonstrating notable traction force at this region. However, there was no obvious 
change of T1 at cell edge, indicating absence of strong focal adhesions from this cell.   
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Figure 6.1.47 ∆ T1 map above an attached cell on Y-shape S constructed NV 
diamond with improved silica layer. The higher T1 values located in the cell region 
indicated cell traction force at this region.  
 
In this chapter, different construction methods for force sensor based on NV diamond 
were developed. Two optimized strategies for constructing Y-shape force sensors (Y-
shape L and Y-shape S) were applied on NV diamond surfaces. MC3T3 cells adhered 
on the two types of Y-shape force sensors by RGD-integrin interaction. In the first 
three parts of relaxation measurements, the constructions were not stable due to the 
instability of silica layer. There were not enough RGD on the surfaces, and the cells 
did not spread very well. In the final relaxation measurements, silica layer was 
improved and cells spread better. In all measurements involving cells, the increase of 
T1 value induced by cell traction force could be detected under cell region. This 
demonstrated effective extension of immobilized PEG chains under traction force and 
the Gd3+-NV induced signal was detectable in cell culture condition. All these results 
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revealed the possibility to employ Y-shape force sensor based on NV diamond as a 
tool for cell adhesion study, although lots of parameters were still need to be 
optimized and improved for high quality results. 
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6.2 Part II Effect of surface immobilized E-cadherin mimetic 
HAV peptide on MDCK cell adhesion 
In an organized multicellular structure, cells adhere either by attachment to 
extracellular matrix (cell-ECM adhesion) or to other cells (cell-cell adhesion). Cell 
adhesion plays important role in tissue architecture and morphogenesis. The 
establishment and dissolution of the attachments regulate cell behavior by a 
complicate crosslinked signaling network. Cell-cell adhesions are mainly mediated by 
cadherin superfamily, a type of transmembrane cell adhesion molecules. To guide the 
design of new cadherin-based biomaterials, it is important to study how immobilized 
cadherin at the cell-material interface affects the adhesion of cells. It is especially 
interesting to understand the coordination of cadherin-mediated and integrin-mediated 
adhesion. The immobilization of cadherin on material surfaces decouples cadherin 
from other kinds of adhesion proteins and allows the observation of the cadherin-
mediated adhesion isolated from other complex cell behaviors.76, 109, 150 
   Past fundamental studies on this topic have mainly focused on cadherin proteins 
rather than mimetic peptides. However, proteins can be easily denatured and lose their 
activity during the fabrication process of biomaterials. In addition, their high-
precision functionalization with active chemical groups remains difficult. Protein 
mimetic peptides are wildly utilized as protein substitutes in materials science due to 
their high stability, simple synthesis, precise chemical structure, relatively low cost, 
and ease-of-use. Cadherin mimetic peptides mimic only the core amino acid sequence 
for cadherin-cadherin binding.151-152 As reported previously, the fragment of E-
cadherin containing the first and second outmost extracellular (EC) domains yields 
single cadherin-cadherin adhesion forces, whereas a construct containing all five EC 
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domains can promote cell spreading in the absence of integrin-based adhesion.110 This 
shows that the efficiency of mimetic peptides is not usually equal to that of cadherin 
proteins. Thus, it remains necessary to specifically study the effects of surface 
immobilized cadherin mimetic peptides on cell adhesion. 
   Here, the E-cadherin mimetic peptide HAV was immobilized on a gold surface via 
cysteine residues and the adhesion of MDCK (Madin-Darby Canine Kidney) cells 
was studies. MDCK cells are a model for epithelial cells on the generated model 
surfaces as figure 6.2.1 describes. The immobilized HAV peptide was proven to 
specifically interact with MDCK cells via E-cadherin and to assist integrin-based cell 
adhesion. The mechanical effects of this interaction were detected by traction force 
microscopy (TFM). Furthermore, the immobilized peptides mediated cell-cell 
interactions in cell clusters and caused	   a	   solid-to-liquid phase transition. The HAV 
peptide-MDCK interaction affects both the E-cadherin/β-catenin signaling pathway as 
well as E-cadherin-mediated cell adherens junctions. The expression of E-cadherin 
and β-catenin in the HAV peptide-activated cells was monitored by Western blot. 
Overall, our study exhibits an overview of the interactions between E-cadherin 
mimetic peptide and epithelial cells. 
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Figure 6.2.1 Immobilized E-cadherin mimetic peptide HAV on the substrate surface 
affects the adhesion of MDCK epithelial cells. 
 
6.2.1 Specific interaction between HAV peptide and E-cadherin 
E-cadherin contains an extracellular (EC) domain that consists of five tandem repeat 
subdomains (EC-1 to EC-5). The tripeptide His-Ala-Val (HAV) sequence, which is 
located in the first extracellular (EC-1) subdomain, has its unique importance in 
mediating homophilic cadherin-cadherin interaction.152 To recreate this functionality, 
a LYS-HAV-SSNG-(PEG5)2-CCC (HAV) peptide sequence151 was designed which 
mimics the EC-1 domain of E-cadherin. The sequence contains a cysteine anchor 
domain on the one end, which can be utilized to immobilize the sequence onto a 
substrate surface by way of an Au-thiol reaction. On the other end of the peptide, the 
active domain is expected to specifically interact with E-cadherin. For comparison, a 
scrambled peptide NSG-HYL-SVAS-(PEG5)2-CCC (SCR), which contains the same 
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cysteine anchor domain, but an active domain that is not in its functional order was 
also designed.  
   To prove the specific binding affinity of the synthetic HAV peptide to E-cadherin, 
QCM-D Au Q-sensors were immobilized with either HAV or SCR peptides for 
adsorption studies. To this end, E-cadherin in a PBS solution containing calcium ions 
was loaded onto the Au sensors immobilized with either HAV or SCR peptides for 
1.5 hours in a static modulus, followed by washing first with PBS buffer and then 
with surfactant Hellmanex, which is efficient in washing away non-specifically 
adsorbed E-cadherin. Figure 6.2.2 a and b show the E-cadherin adsorption on the Au 
sensors immobilized with either HAV or SCR. About 0.50 mg/cm2 E-cadherin 
adsorbed on the HAV-immobilized surface after washing with PBS, 84% of which 
still remained after washing with 2% Hellmanex. In contrast, 0.14 mg/cm2 E-cadherin 
adsorbed on the SCR- immobilized surface and only 50% remained after washing 
with Hellmanex. Non-specifically adsorbed E-cadherin amounted to 0.08 mg/cm2 and 
0.07 mg/cm2 on HAV and SCR surfaces, respectively. The amount of non-specifically 
adsorbed E-cadherin was similar on both surfaces, but the specific binding affinity on 
HAV was 6 times greater than on SCR. 
   To further confirm the specific binding of the HAV peptide to E-cadherin on the 
membrane of living cells, incubation experiments were carried out. First, a MDCK 
cell monolayer was prepared on a fibronectin-coated plate, which was then treated 
with EGTA to perturb the E-cadherin induced cell-cell contact by way of Ca2+ 
removal. HAV and SCR peptides were added into two separate wells of cell medium. 
A MDCK monolayer incubated without any peptide was used as the control. As 
shown in figure 6.2.3, the cell-cell contacts in all three samples were still in a 
loosened state 30 minutes after the peptides had been added. After 2 hours both the 
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cell monolayer incubated with the SCR peptide and the one incubated without peptide 
recovered to a compact polygonal structure. In contrast, the monolayer incubated with 
the HAV peptide did not recover because of the inhibitory effect of the HAV peptide. 
It proves that the HAV peptide is able to recognize and bind to E-cadherin, and thus 
perturbs cadherin homophilic interactions between cells.152 
   Immunostaining of cadherin adhesion-related proteins E-cadherin (magenta) and β-
catenin (red) makes this perturbation of cell-cell contact clearly visible (Figure 6.2.2 
c). MDCK cells spread well on the RGD-immobilized surface. Both E-cadherin and 
β-catenin clearly accumulated at the cell-cell interface in the samples treated with 
SCR peptide or left without peptides. This indicates strong cell-cell contacts. In 
contrast, four hours after adding HAV into the medium the accumulation of both E-
cadherin and β-catenin had lessened at the interface, suggesting that the functional 
integrity of cell-cell contacts was affected. The HAV peptide in the medium 
permeated into the cell junctions between cells and specifically interacted with E-
cadherin on the cell membrane. This suggests that HAV adsorbation to E-cadherin 
makes E-cadherin unavailable for interactions related to the establishment and 
maintenance of cell-cell contacts between adjacent cells, thereby negatively affecting 
the stability of cellular connections. 
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Figure 6.2.2 QCM frequency (F) and dissipation (D) shift as a function of time 
during the adsorption of E-cadherin on (a) HAV peptide and (b) SCR peptide 
functional sensor surfaces. (c) Representative immunofluorescence images of MDCK 
cells labeled for nucleus (DAPI, blue), actin (green), β-catenin (red), and E-cadherin 
(magenta) after culturing on RGD functional surfaces and incubation with HAV or 
SCR peptides [(s) stands for ‘soluble’ peptide in media] in solution for 24 hours. 
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Figure 6.2.3 (a) Representative images of the recovery of cell-cell contacts. MDCK 
cell monolayers were incubated with HAV or SCR peptides, after cell-cell contact 
was interrupted by Ca2+ removal. In the “no treatment” group Ca2+ was not removed 
and no additional peptide was added. (b) Contrast enhancement of the images in (a). 
 
6.2.2 Cell adhesion on HAV functional surface 
Cell adhesion on HAV, SCR as well as RGD peptide functional surfaces was studied 
employing both homogenous Au surfaces and AuNP-patterned surfaces. Peptides 
were immobilized onto Au through the cysteine anchor domain to form a self-
assembled monolayer (SAM). Peptide nanopatterns were fabricated using BCMN 
technology to achieve quasi-hexagonal AuNP patterns with an interligand spacing 
ranging from 12 to 112 nm. The SEM images of AuNPs are shown in figure 6.2.4. 
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The size of each gold nanoparticle was less than 10 nm in order to restrict interaction 
to only a single E-cadherin (diameter of about 12 nm153). The advantage of utilizing 
patterned surfaces is to precisely control the density of the immobilized ligands.154 
   MDCK cells were then cultured on these surfaces in DMEM medium containing 
10% FBS. Non-specific adsorption of FBS on surfaces exhibiting the HAV or the 
SCR peptide was evaluated by QCM-D as shown in figure 6.2.5. The amount of 
adsorbed FBS on the HAV and the SCR SAM-coated Au sensors was 0.2301 and 
0.2832 mg/cm2, respectively. The adsorption on the bare Au sensor, in contrast, was 
1.1328 mg/cm2. This suggests that both the HAV and SCR peptide for the most part 
are able to counteract FBS adsorption, thereby successfully avoiding ‘protein corona’ 
formation and maintaining the activity of the peptides.155-156 The small amount of 
adsorbed proteins can assist the adhesion of cells onto the peptide SAM. 
   The spreading of MDCK cells on different peptide functional surfaces after 4 hours 
of culture is shown in Figures 6.2.6 a and b. The spreading area of cells was 
significantly larger on the HAV-functional Au surface compared to the SCR-
functional Au surface. This difference was less significant on nanopatterned surfaces, 
where peptide density – and in turn the effects of peptide-induced adhesion – are 
decreased. HAV-induced adhesion differs from RGD-induced adhesion, which is 
reflected in the cell spreading area and morphology. MDCK cells were more 
elongated with smaller lamellipodia on HAV functional surfaces compared to more 
round cells with a larger lamellipodia area on the RGD functional surfaces. This is 
due to the fact that RGD directly activates integrins, which facilitates cell-ECM 
adhesion rather than the establishment of cell-cell junctions. 
   Next, we investigated the effects of HAV peptide density on cell adhesion in greater 
detail. As indicated in figure 6.2.6 c and d, the spreading area of cells decreased with 
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a linear tendency as the spacing of AuNPs increased from 12 nm to 112 nm (and the 
amount of immobilized HAV peptide decreased). This lies in contrast to how RGD-
induced adhesion changes as a reaction to modifications in interligand spacing.114, 157 
RGD-induced adhesion responds to a change in interligand spacing in an on/off 
behavior, which can be attributed to force loading.158 In our experiments cells did not 
spread well on RGD functional AuNP-patterned surfaces with an interligand spacing 
of 112 nm. However, cell spreading was comparable on the RGD functional 
homogeneous surface and the nanopatterned surface at an interligand spacing of 12 
nm (figure 6.2.6 a), which is in accordance with previous studies.114, 157-158 Cadherin-
cadherin interaction	   in cadherin clusters has been described by an “adhesion zipper” 
model.45 Accordingly, the decreased HAV density on the nanopatterned surfaces may 
simply lead to a decreased number of zipper-like structures and insufficient E-
cadherin clustering. 
 
 
Figure 6.2.4 Representative SEM images of quasi-hexagonal AuNP patterns with 
interligand spacings ranging from 12 to 112 nm on glass. 
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Figure 6.2.5 QCM frequency (F) and dissipation (D) shift as a function of time 
during the adsorption of FBS on bare (top image), HAV peptide functional (middle), 
and SCR peptide functional (bottom) Au sensor surfaces. 
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Figure 6.2.6 (a) Representative fluorescence images of MDCK cells cultured on 
different surfaces for 4 hours. Inserts show a zoom of the region denoted by the 
smaller red square. (b) Quantification of the spreading area of MDCK cells cultured 
on homogeneous Au or nanopatterned surfaces (with either 12 nm or 112 nm 
interligand spacing) and immobilized with either HAV or SCR peptides for 4 hours (n 
= 50, 3 technical replicates). (c) Representative fluorescence images of MDCK cells 
cultured for 4 or 24 hours on nanopatterned surfaces differing in interligand spacing. 
(d) Quantification of the spreading area of MDCK cells cultured for 4 hours on 
nanopatterned surfaces differing in interligand spacing (n = 50, 3 technical replicates). 
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6.2.3 Cell clustering on HAV functional surface 
During regular growth, epithelial cells form tight clusters by way of adherens 
junction. When epithelial cells sense scatter factors secreted by mesenchymal cells, 
however, these clusters can decompose by breaking cell-cell contacts.159 The 
separated single cells then become elongated and motile, which plays an important 
role in tissue remodeling and wound healing. Therefore, we studied the cell-cell 
contact of each single MDCK cell on a HAV peptide functional surface. The cell 
detachment ratio of cells, an indicator of cell clustering behavior, was defined as the 
count of all cell separation times divided by the count of all cell contact times in the 
same time period in time-lapse images. As shown in figure 6.2.7 b, cells on HAV 
functional surfaces exhibited a relatively high cell detachment ratio. Figure 6.2.7 a 
depicts a typical time-lapse image of two single cells in contact and then separated on 
a HAV surface. Cells were in contact with each other but failed to form stable 
clusters, in other words, they remained elongated and then separated from each other 
only after a short contact time. When the density of immobilized HAV peptide was 
decreased, as is the case on the nanopatterned surfaces, cells exhibited an increased 
cell detachment ratio. However, this is mostly because the weak cell-substrate 
adhesion resulted in a high mobility of the cells (figure 6.2.7 c). High mobility, in 
turn, caused unstable cell-cell contacts. Due to the weakened cell-substrate 
interactions, the cells on homogenous SCR functional surfaces and on nanopatterned 
Au surfaces with 12 nm interligand spacing exhibited higher mobility than cells on 
comparable HAV functional surfaces. However, the cell detachment ratio of cells on 
both homogenous and nanopatterned SCR surfaces was overall lower than that of 
cells on related HAV surfaces. This is because HAV – by binding to E-cadherin – 
interrupted cadherin-cadherin interactions in adherens junctions, thus weakening cell-
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cell contacts. As a result, cells on the HAV surface had less resistance against cell 
separation. However, when the interligand distance on the nanopatterned substrate 
reached a value of 112 nm, the effects of increased cell mobility overrode the 
interruptive effects of HAV on cadherin-cadherin interactions. As a result, there was 
no significant difference in the cell detachment ratio of cells on SCR and HAV 
surfaces at an interligand spacing of 112 nm (figure 6.2.7 b). Cells on RGD functional 
surfaces exhibited the lowest cell detachment ratio. At a high grafting density of RGD 
peptides on the homogenous Au surface, the cell detachment ratio is almost 0. And, 
since these cells spread very well and had little mobility, adherens junctions were not 
disturbed. These results prove that immobilized HAV interacts with E-cadherin on the 
cell membrane. This disturbance causes the replacement of E-cadherin-based cell-cell 
interactions by HAV-cell binding. As a result, cell-cell contact is weakened and cells 
separate from each other. 
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Figure 6.2.7 (a) Representative time-lapse images of cell-cell interactions of MDCK 
cells on HAV peptide functional surface. (b) The cell detachment ratio and (c) the 
velocity of the MDCK cells on homogeneous Au or nanopatterned surfaces (with 
either 12 nm or 112 nm interligand spacing) and immobilized with either HAV or 
SCR peptides during an observation time window from 4 to 24 hours during the cell 
culture period (n = 10, 3 technical replicates). 
 
6.2.4 Cell adhesion on RGD and HAV peptide co-functional 
surfaces 
In the experiments described above some of the FBS proteins were non-specifically 
adsorbed on the HAV functional surfaces. In order to eliminate the effect of non-
specific interactions, RGD and HAV peptides were co-immobilized on Au surfaces, 
and a medium with a reduced serum amount was used for MDCK cell behavior 
studies. MDCK cell adhesion and mobility were affected by the ratio of surface-
immobilized RGD and HAV peptides as shown in figure 6.2.8. Lower amounts of 
RGDs resulted in insufficient cell adhesion, whereas higher amounts of RGD masked 
HAV-induced interactions. Because RGD selectively binds to integrin receptors, the 
RGD-sequence is crucial for cell adhesion. A mixing ratio of 1:400 RGD to HAV 
peptides was decided for further studies. At this ratio, cells maintained both their 
adhesion and mobility properties.  
   Figure 6.2.9 a showed typical phase contrast images of MDCK cell adhesion on a 
RGD and HAV peptide co-functional surface (RH) as well as images of MDCK cell 
adhesion on a RGD and SCR peptide co-functional surface (RS) at different time 
points. Cell spreading differed significantly especially early on during adhesion, as 
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the 6-hour time point illustrates (figure 6.2.9 d). The formation of focal adhesion 
points was observed only on cells adhering to the RH surface but not to cells on the 
RS surface (figure 6.2.9 c). Later during adhesion the difference in spreading between 
the cells on RH and RS surfaces became smaller but remained visible, as is indicated 
at the 24-hours time point (figure 6.2.9 a). After adding free HAV peptide into the 
medium, the spreading area of cells on the RH surface dramatically decreased and 
became comparable to the spreading of cells on the RS surface. Conversely, adding 
free SCR peptide into the medium had only little effect on the spreading area of cells 
on the RH surface, which decreased a little bit but still remained significantly 
different to spreading on the RS surface (figure 6.2.9 b and d). This demonstrates that 
the added HAV peptide in the medium obviously functioned as a competitor to the 
SCR peptide. HAV in the medium specifically interacts with E-cadherin on the cell 
membrane, thereby decreasing the chance of E-cadherin interacting with immobilized 
HAV on the substrate. As a consequence, immobilized HAV played less of a part in 
cell adhesion and its impact was reduced. These results further confirm that 
immobilized HAV assists integrin-based cell adhesion. Interestingly, free HAV 
peptide did not change the spreading behavior of the cells adhering to the RS surface. 
Only immobilized HAV peptide was able to improve cell spreading. This indicates 
that HAV-induced cell adhesion is related to cellular mechanosensing and probably 
mechanotransduction. Thus only immobilized HAV was able to generate enough 
force to induce E-cadherin related signaling. 
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Figure 6.2.8 Representative images of MDCK cells adhering to surfaces 
functionalized by RGD and HAV peptides at different mixing ratio (RGD:HAV) after 
6 hours of culture. 
 
 
Results	  and	  Discussion	  -­‐	  Part	  II.	  HAV	  peptide	  
	   145	  
Figure 6.2.9 Representative images of MDCK cell adhesion on RH and RS surfaces. 
(a) Cellular adhesion at different time points; (b) adhesion at 6 hours after the addition 
of free HAV or SCR peptides [(s) stands for ‘soluble’ peptide in media]; (c) 
representative fluorescent immunofluorescence images of MDCK cells stained with 
anti-vinculin after 4 hours of growth on RH and RS surfaces. Arrows indicate focal 
adhesion points. (d) The spreading area of MDCK cells cultured in different 
conditions for 6 hours (n = 50, 3 technical replicates). 
 
   To confirm the HAV-induced cell adhesion is related to cell mechanotransduction, 
myosin II inhibitor blebbistatin was utilized to treat the MDCK cells. The formation 
of actomyosin stress fibers is one of the key steps in mechanotransduction. 
Blebbistatin can interfere stress fiber formation by decreasing myosin II activity to 
block mechanotransduction.160 As the results, the spreading area of cells on the RH 
surface was efficiently inhibited and decreased to the same level as cells on the RS 
surface (figure 6.2.10 a and b). Thus the HAV-induced cell adhesion requires the 
intracellular tension, which can initiate mechanotransduction pathways.  
   The intracellular tension of the single cells is linked with cellular adhesion force. 
We further measured the force on peptide-immobilized surfaces by traction force 
microscopy employing beads embedded in PAAm hydrogels. The cell traction force-
induced displacement of fluorescent microbeads was recorded by taking microscopy 
images of microbead relocation during cell spreading. As shown in figure 6.2.10 c, 
the traction force of a cell on a RH surface was dramatically higher than that on a RS 
surface. Figure 6.2.10 d depicts the frequency distribution of the traction forces 
generated by one cell. Among the force curves detected on the RS surface a high 
frequency was observed at a low force of ~20 Pascal. On the RH surface, in 
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comparison, there was a higher frequency at a larger traction force. This corresponds 
with the results obtained from mean traction force measurement on different single 
cells shown in figure 6.2.10 e. The mean traction force on the RH surface was 47.74 
Pa compared to only 26.46 Pa on the RS surface. The traction force microscopy 
results reveal that the specific interaction of immobilized HAV peptide enhances both 
the cell adhesion force and mechanosensing. As mechanosensing is critical for cell 
adhesion,161 it explains the means by which HAV functional surfaces increase cell 
spreading. 
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Figure 6.2.10 (a) Representative images and (b) the spreading area of MDCK cells 
treated with blebbistatin for 6 hours on RH and RS surfaces (n = 50, 3 technical 
replicates). (c) Representative fluorescence images of single MDCK cells adhering to 
RH (left) and RS (right) functional PAAm hydrogels with embedded fluorescent 
microbeads (top two images) and the traction fields of the related cells (bottom two 
images). (d) Frequency distribution of the traction forces generated by a single cell on 
RH and RS surfaces. (e) Mean traction force of different single cells on RH and RS 
surfaces (n = 10, 2 technical replicates). 
 
6.2.5 Cell clustering on RGD and HAV peptide co-functional 
surfaces 
Co-immobilizing HAV and RGD on the peptide functional surfaces affected cell-cell 
contacts. Figure 6.2.11 shows the accumulation of adherens junction proteins E-
cadherin and β-catenin at the cell-cell interface made visible by immunofluorescence. 
The intensity of both E-cadherin and β-catenin at the cell-cell interface in cell clusters 
was dramatically weaker on the RH surface than on the RS surface. This is a sign of 
weaker cell-cell contacts on the RH surface and explains the high cell detachment 
ratio on HAV functional surfaces. Moreover, we analyzed detachment ratio and 
velocity of MDCK cells on RH and RS surfaces. Similar to the results shown in 
section 3.3, the velocity of cells on the RS surface was significantly higher than on the 
RH surface (figure 6.2.12 b), which results in a greater likelihood for cells to separate 
from each other on the RS surface. However, the cell detachment ratio of cells was 
dramatically higher on the RH surface than on the RS surface (figure 6.2.12 a). This 
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is in line with the results obtained in the experiments looking at cell adhesion in the 
presence of FBS (figure 6.2.7 b). 
   We further investigated collective cell behavior in cell clusters. As shown 
previously, a cellular collective organized in a confluent cluster can either jam 
together to achieve a solid-like state or instead unjam and flow in a fluid-like state.162 
According to a model representing epithelial layer dynamics each cell is associated 
with the tension from its neighboring cells and the force between cells is balanced at 
each vertex, where cell-cell junctions meet.163 Based on this vertex model, the single 
cell shape index can be utilized to analyze the solid- and fluid-like states.164 
   In our study, the shape of the MDCK cells in clusters was quantified by circularity 
analysis (figure 6.2.12 c). The cells on the RH surface exhibited smaller circularity, 
i.e., they were less circular than cells on the RS surface (figure 6.2.12 d). Cell clusters 
on the RH surface were more fluid-like compared to the more solid-like cell clusters 
on the RS surface. When surface-immobilized HAV peptide interfered in E-cadherin 
adherens junctions resulting in weakened cell-cell contacts, the cells in the clusters 
became more independent. They failed to cluster together tightly enough to develop 
an elastic restoring force sufficient for maintaining the initial shape.162 This resulted 
in fluid-like cell clusters on the RH surfaces. Similarly, the removal of Ca2+ from a 
confluent cell monolayer, an act that destroys cell-cell contacts, also leads to a 
decrease in the circularity of single cells and a more fluid-like monolayer (figure 
6.2.13). The cell monolayer returned to a more solid state when Ca2+ levels were 
restored. 
   To investigate the ‘jamming’ of cells in confluent monolayers, the migration 
velocity of each cell was calculated using time-lapse imaging. Interestingly, in 
contrast to the results obtained for single cells (figure 6.2.12 b), the velocity of cells 
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in monolayers on RH surfaces was significantly higher than on RS surfaces (figure 
6.2.14 a). The migration speed in monolayers (0.8 and 0.7 µm/min on RH and RS, 
respectively) was higher than in a single cell state (0.3 and 0.5 µm/min on RH and RS, 
respectively). This migration must be driven by the tension generated by cell sheets in 
addition to the mobility of the single cell. Figure 6.2.14 b shows the migration of 
representative cells on RH and RS surfaces. Besides differences in the length of 
trajectories, a constant change of neighboring cells could be observed. The number of 
shifting neighbors was greater on RH surfaces. This confirms that cells were more 
active to propel and intercalate in fluid-like clusters.165 These results once again prove 
that surface-immobilized HAV peptides decrease cell-cell contacts and cause a solid-
to-liquid transition of cell clusters. 
Results	  and	  Discussion	  -­‐	  Part	  II.	  HAV	  peptide	  
	   150	  
 
Figure 6.2.11 (a) Representative immunofluorescence images of MDCK cells labeled 
for nucleus (DAPI, blue), actin (green), β-catenin (red), and E-cadherin (magenta) 
after 24 hours of culture on RH and RS surfaces. (b,c) The fluorescence intensity 
profile of anti-β-catenin and anti-E-cadherin at the positions indicated by a short 
white line in the images in (a). (d,e) The membrane-to-cytoplasm ratios of the 
fluorescence intensity of anti-β-catenin and anti-E-cadherin (n = 30, 2 technical 
replicates). 
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Figure 6.2.12 (a) The cell detachment ratio and (b) the velocity of MDCK cells on 
RH and RS surfaces during hours 4 to 24 of the cell culture (n = 10, 3 technical 
replicates). (c) Circularity of MDCK cells in clusters on RH and RS surfaces (n = 
100). (d) Representative images (top two images) of MDCK cells in clusters on RH 
(left) and RS (right) surfaces and a circularity map (bottom two images) of the same 
cells.  	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Figure 6.2.13 (a) Representative images of MDCK cell monolayers on fibronectin-
coated glass (left), after Ca2+ was removed using EGTA (middle), and after recovery 
2 hours later (right). (b) The circularity of MDCK cells in monolayers: untreated 
(orange), after Ca2+ removal (green) and after recovery (petrol blue) (n = 100). 	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Figure 6.2.14 (a) The velocity of MDCK cells migrating in clusters on the RH and 
RS surfaces (n = 500). (b) Representative images of MDCK cells migrating in clusters 
on the RH (top two images) and RS (bottom two images) surfaces and the 
corresponding cell tracks (far right). Different colors indicate 7 different cells before 
and after migration. 
 
6.2.6 Investigation of possible signaling pathway involvement 
It has previously been shown and also proven in section 3.1 that the HAV peptide 
specifically binds to E-cadherin. As assumed in the cell adhesion studies above, 
immobilized HAV assisted cell spreading and mediated cell-surface contact through 
HAV-E-cadherin interaction. This interrupted E-cadherin-E-cadherin interplay and 
shifted cellular behavior from cell-cell to cell-materials interaction. By blocking E-
cadherin on the cell membrane as well as analyzing the expression levels of related 
proteins, we wanted to confirm whether the immobilized HAV peptide really did 
regulate cell behaviors through HAV-E-cadherin interaction. 
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   E-cadherin blocking antibody (DECMA-1) was used to block E-cadherin on the cell 
membrane (figure 6.2.15). As a result, the spreading of MDCK cells was largely 
inhibited on the RH surface. The spreading area decreased to a level comparable to 
cells on the RS surface. This indicates that the HAV peptide interacted with cells 
solely through E-cadherin. When E-cadherin was blocked by an antibody, HAV-
mediated adhesion was entirely erased. 
 
Figure 6.2.15 (a) Representative images of the adhesion of MDCK cells after 6 hours 
of culture on RH and RS surfaces in a medium containing anti-E-cadherin (b) The 
spreading area of the MDCK cells after 6 hours of culture on RH and RS surfaces in a 
medium containing anti-E-cadherin (n = 50, 3 technical replicates). 
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   E-cadherin-induced adherens junctions induce specific intracellular signaling.44 β-
catenin plays an important role in connecting E-cadherin to the cytoskeleton and 
inducing downstream signaling pathways.166 We therefore analyzed the expression 
level of both E-cadherin and β-catenin in the cells that adhered on the surface via 
HAV-induced adhesion. Only proteins from non-clustered cells were isolated for a 
Western Blot assay to exclude the effects of cell-cell attachment. As shown in figure 
6.2.16 a-c, the expression of both E-cadherin and β-catenin in the cells on the RH 
surface was significantly higher than on the RS surface. In addition, we investigated 
expression levels of β3-integrin and β1-integrin, two major integrin types that can be 
activated by RGD peptide.106 As shown in figure 6.2.16 a, d, e, expression did not 
differ significantly between the cells on the RH and RS surfaces. This indicates that 
the immobilized HAV peptide induces the expression of E-cadherin and β-catenin 
possibly by way of recruitment of E-cadherin at the interface between cells and 
materials. These results together confirm that the immobilized HAV peptide affects 
cell behaviors through the interaction with cell membrane E-cadherin. 
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Figure 6.2.16 (a) Representative Western blot analysis of the expression level of β-
catenin, E-cadherin, β1-integrin, and β3-integrin in MDCK cells cultured on RH and 
RS surfaces for 5 hours. (b-e) Quantification of the expression level of each protein 
based on Western blot images (n = 1-2, 2 technical replicates). 
 
In this fundamental study we studied the effects of surface immobilized E-cadherin 
mimetic HAV peptide on epithelial cell behaviors, including adhesion and clustering. 
Surface immobilized HAV peptide specifically interacted with E-cadherin and 
induced the relocation of E-cadherin-based adhesion from adherens junctions at the 
cell-cell interface to HAV-E-cadherin binding at the cell-material interface. It 
enhanced cell adhesion on the material surface and weakened cell-cell contacts, which 
resulted in a solid-to-liquid phase transition of cell clusters. These effects can play an 
important role in epithelial wound healing. Moreover, the density of the immobilized 
peptide was important for achieving efficient adhesion by way of a zipper-like 
structure. We further demonstrated that HAV-E-cadherin interaction is related to cell 
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mechanosensing and enhances the expression of E-cadherin and the downstream 
signaling protein β-catenin. Within the past a few years, the demand for cadherin 
mimetic peptides for the design of synthetic biomaterials has rapidly increased. Our 
studies can help to understand the interactions between cells and such materials as 
well as to guide the design of new biomaterials. 
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7. Conclusion and Outlook 
In this thesis, cell adhesions including cell-extracellular matrix (ECM) adhesion and 
cell-cell adhesion were studied via cell-ligand interactions. Integrin ligand RGD 
peptide and/or cadherin ligand HAV peptide were immobilized on 2D surfaces as a 
toolbox. 
   In part I, RGD peptide was co-immobilized with paramagnetic ion Gd3+ through 
PEG chains on nitrogen-vacancy (NV) diamond. A Y-shape molecule was designed 
on NV diamond as a force sensor. The stability and efficiency of the force sensors 
with different molecular structures were tested. Y-shape S, which contains Y-shape 
configuration and relatively short PEG chain on a 2 nm silica layer, was recognized as 
the optimized force sensor molecule. The cell adhesion force induced by integrin-
RGD interaction was then detected and measured successfully. The traction force 
distribution was presented as relaxation time T1 map, which provided the potential to 
quantify the cell traction force in a high resolution. The results gave a straightforward 
impact on integrin-RGD interaction induced cell traction force distribution on the 
substrate within a single cell range. It can be helpful to understand the mechanisms of 
integrin-mediated cell adhesion and how cells respond to the extracellular mechanical 
stimulations. The NV centers in diamond render stable fluorescence, high sensitivity 
and spatial resolution. The RGD in the Y-shape molecule can be replaced by different 
peptide ligands. Therefore, the NV diamond based Y-shape force sensor may also be 
applied as a prospective toolbox to study different types of cell adhesion. However, 
there is still much space to improve the force sensor. For instance, more paramagnetic 
ions can be immobilized in one polymer, the distance between paramagnetic ions and 
NVs can be further shortened, in order to improve the sensitivity of the sensor.   
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   In part II, E-cadherin mimetic HAV peptide was immobilized on gold surfaces, and 
how the immobilized HAV peptide affected adhesion and clustering of epithelia cell 
was studied. The results revealed that the surface immobilized HAV peptide 
specifically interacted with cells via HAV-E-cadherin interactions, and affected cell 
adhesion and clustering in a β-catenin related signaling pathway. This study provided 
an overview of the interactions between immobilized HAV peptide and epithelia cells. 
This work also laid the basis for utilizing HAV peptide on NV diamond as force 
sensor for future studies about the force and mechanobiology of cadherin-mediated 
cell-cell adhesion. 
   These studies gave insight into cell-ligand interactions based on the immobilized 
specific ligands on 2D surfaces. The development of ligand immobilized NV diamond 
force sensor and the fundamental study about cell-ligand interactions are 
complementary to each other. These results can guide to the design of new synthetic 
biomaterials for further cell biology studies and biomedical applications. 
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8. Appendix 
Abbreviations 
  
(EtO)3Si-NCO                             3-(triethoxysilyl)propyl isocyanate 
2D                                                two-dimensional 
3D                three-dimensional 
AC  alternating current 
AFM atomic force microscopy 
AOM acousto-optical-modulator 
approx. approximately 
APS ammonium persulfate 
APTES  (3-Aminopropyl)triethoxysilane 
ATP adenosine triphosphate 
Au gold 
AuNP gold nanopattern 
BCMN block copolymer micelle nanolithography 
BCN-DOTA-GA                         2,2’,2”-(10-(4-((2-((((1R,8S,9s)-
bicyclo[6.1.0]non-4-yn-9-
ylmethoxy)carbonyl)amino)ethyl)amino)-
1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-
triyl)triacetic acid  
BCN-NHS  (1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-
ylmethyl N-                        succinimidyl 
carbonate 
BGT benzylguanine thiol 
BRD BCN-RGD-DOTA 3-in-1 Y-shape 
molecule 
BSA bovine serum albumin 
BSE backscattered electrons 
BTSE  1,2-Bis(triethoxysilyl)ethane 
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C carbon 
c(RGDfK)C cyclic(RGDfK)C 
Ca calcium 
ca. circa 
CAM cell adhesion molecule 
CCJ  cell-cell junction 
CMA  cell-matrix adhesion 
D dissipation 
D2O Deuterium Oxide 
Da dalton 
DAPI 4’,6-diamidino-2-phenylindole 
DBCO-PEG4-NHS Dibenzocyclooctyne-PEG4-N-
hydroxysuccinimidyl ester 
ddH2O  Double-distilled water 
DMF dimethylformamide 
DNA deoxyribonucleic acid 
DRD DBCO-RGD-DOTA 
DTT dithiothreitol 
DVC digital volume correlation 
e. g. exempli gratia 
EC extracelluar 
ECM           extracellular matrix 
EDC N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride 
EDTA ethylenediaminetetraacetic acid 
EGTA ethylene glycol tetraacetic acid 
EPR electron paramagnetic resonance 
et al. et alia 
EtOH ethanol 
eV electronvolt 
f frequency 
FA focal adhesion 
FAK focal adhesion kinase 
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FBS fetal bovine serum 
FBs fibrillar adhesions 
FITC fluorescein isothiocyanate 
FN fibronectin 
FRET Förster resonance energy transfer 
FTTC fourier transform traction cytometry 
FXs focal complexes 
GAPs GTPase-activating proteins 
Gd gadolinium 
GDP guanosine diphosphate 
GEF-H1 guanine nucleotide exchange factor H1 
GEFs guanine nucleotide exchange factors 
GTP guanosine triphosphate 
h hour 
HAV histidine-alanine-valine 
HAV(s) soluable HAV 
HEPES 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 
IGF1R insulin-like growth factor 1 receptor 
IgG Immunoglobulin G 
LA-MDCK lifeact-Madin-Darby Canine Kidney 
LARG leukemia-associated Rho GEF 
LS (A)-1 Boc-NH-PEG-DOTA 
LS (A)-2 H2N-PEG-DOTA 
LS (A)-3  (EtO)3Si-PEG-DOTA 
LS (B)  (MeO)3Si-PEG-DOTA 
LSCM  laser scanning confocal microscopy 
M mole 
m/z mass-to-charge ratio 
maleimide-DOTA-GA  2,2’,2”-(10-(1-carboxy-4-((2-(2,5-dioxo-
2,5-dihydro-1H-pyrrol-1-
yl)ethyl)amino)-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-
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triyl)triacetic acid 
MeOD tetradeuteromethanol 
MeOH methanol 
mg miligram 
MHz megahertz 
ml mililiter 
MLC myosin light chain 
mM milimole 
MRI magnetic resonance imaging 
MS mass spectrometry 
ms milisecond 
MT magnetic tweezers 
N nitrogen 
ND nanodiamond 
NHS N-hydroxysuccinimide 
nm nanometer 
NMR nuclear magnetic resonance 
nN nanonewton 
NSET nonlinear state estimation technique 
NV      nitrogen-vacancy 
O oxygen 
OT optical tweezers 
Pa Pascal 
PAAm polyacrylamide 
PBS phosphate-buffered saline 
PBST  0.1% v/v Triton-X 100 in PBS 
PDMS poly(dimethylsiloxane) 
PE primary electrons 
PEG polyethylene glycol 
PIV particle image velocimetry 
pN piconewton 
ppm parts per million 
PS-b-P2VP polystyrene-block-poly(2-vinylpyridine) 
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QCM-D quartz crystal microbalance with 
dissipation monitoring 
RF Flory radius 
RGD arginylglycylaspartic acid 
RH RGD and HAV peptide co-functional  
RhoA Ras homolog gene family, member A 
ROCK Rho kinase 
ROI  region of interest 
RS RGD and SCR peptide co-functional 
surface 
RSF relative sensitivity factor 
SAM self-assembled monolayer 
SCR scrambled HAV 
SDS-PAGE sodium dodecyl sulfate polyacrylamide 
gel electrophoresis 
SE secondary electrons 
SEM scanning electron microscope 
Si silicon 
SPAAC strain-promoted alkyne-azide 
cycloadditions 
TEA triethylamine 
TEMED tetramethylethylenediamine 
TEOS tetraethyl orthosilicate 
TFM traction force microscopy 
Ti titanium 
TMS tetramethylsilane 
TOFMS time-of-flight mass spectrometry 
W watt 
WLC wormlike chain 
wt% weight percentage 
XPS X-ray photoelectron spectroscopy 
YS-1                                             (MeO)3Si-PEG-NHS 
YS-2  (MeO)3Si-PEG-RGD 
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YS-3  (MeO)3Si-PEG-RGD-DOTA 
δ chemical shift 
µg microgram 
µl microliter 
µm micrometer 
µM micromole 
µs microsecond 
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